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ABSTRACT OF DISSERTATION

LOCALIZATION OF DIPLODIA PINEA IN DISEASED AND LATENTLYINFECTED PINUS NIGRA
Diplodia pinea causes Diplodia tip blight on more than 30 different pine species. During
the past 10 years, Diplodia tip blight has emerged as a serious problem in landscape and
Christmas tree farms in this region. Surveys of diseased and symptomless Austrian pines
revealed that latent infections of symptomless shoots by D. pinea were common. Latent
infections may account for the recently observed rapid decline of mildly diseased pines in
our region. To investigate the colonization habits of D. pinea within its host, molecular
cytology was attempted and traditional histology was performed on naturally infected,
diseased and asymptomatic Austrian pine tissues. I devoted much effort to developing a
transformation system for D. pinea. Ultimately I did not succeed in this goal, but I was
able to develop a highly efficient protocol for Agrobacterium tumefaciens-mediated
transformation of another pathogenic fungus, Colletotrichum graminicola, in the
process. The work that I did should help in future efforts to transform D. pinea,
something that will be essential if it is to become a tractable system for the study of
fungal latency. Traditional histological methods were more successful, and provided
important information about the nature of latent infections. Very sparse epiphytic and
subcuticular fungal growth was observed in healthy shoots, however, no fungal tissues
were present within the shoots. In diseased and latently infected shoots, crevices created
between the needle bundles and the shoots were filled with fungal material, and hyphae
were observed colonizing the needle sheaths. Hyphae were also observed breaching the
shoot epidermal layer in these crevices and colonizing the underlying periderm. D. pinea
colonization was extensive in all tissues of diseased shoots early in symptom
development. In contrast, localized pockets of degradation were observed in the
periderm and adjacent cortical cells located around areas of needle attachment in
asymptomatic, latently infected shoots. The mechanism that operates to prevent
expansion of these infected pockets in the latently infected shoots is still unclear. Obvious
signs of pine defense mechanisms were only observed in 2 shoots. My observations were
consistent with the idea that colonization progresses into the vascular tissues, and that this
results in symptom development. Vascular colonization may occur more readily if the

host is stressed. My research lays the groundwork for future efforts to understand the
nature of the transformation from latent to pathogenic infection.
KEYWORDS: Diplodia pinea, Sphaeropsis sapinea, Pine Tip Blight, Latent
Infections, Austrian Pine
MULTIMEDIA ELEMENTS USED: TIFF (.tif) and JPEG (.jpg)

______________________________
______________________________

LOCALIZATION OF DIPLODIA PINEA IN DISEASED AND LATENTLYINFECTED PINUS NIGRA
By
Jennifer Lee Flowers

_______________________________
Co-Director of Dissertation
_______________________________
Co-Director of Dissertation
_______________________________
Director of Graduate Studies
_______________________________

RULES FOR THE USE OF DISSERTATIONS
Unpublished dissertations submitted for the Doctor’s degree and deposited in the
University of Kentucky Library are as a rule open for inspection, but are to be used only
with due regard to the rights of the authors. Bibliographical references may be noted, but
quotations or summaries of parts may be published only with the permission of the
author, and with the usual scholarly acknowledgments.
Extensive copying or publication of the dissertation in whole or in part also requires the
consent of the Dean of the Graduate School of the University of Kentucky.
A library that borrows this dissertation for use by its patrons is expected to secure the
signature of each user.

Name

Date

DISSERTATION

Jennifer Lee Flowers

The Graduate School
University of Kentucky
2005

LOCALIZATION OF DIPLODIA PINEA IN DISEASED AND LATENTLYINFECTED PINUS NIGRA

____________________________________________
DISSERTATION
____________________________________________
A thesis submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Agriculture at the
University of Kentucky
By
Jennifer Lee Flowers
Lexington, Kentucky
Co-Directors: Dr. Lisa Vaillancourt, Associate Professor of Plant Pathology
and
Dr. John Hartman, Extension Professor of Plant Pathology
Lexington, Kentucky
2005
Copyright © Jennifer L. Flowers 2005

ACKNOWLEDGMENTS
Completion of my dissertation would not have been possible without the help and support
of many friends and family. My advisors, Dr. Lisa Vaillancourt and Dr. John Hartman,
have been instrumental in my development as a scientist. They have given me all the
opportunities possible to meet my full potential. Through these opportunities, I have
developed invaluable research and teaching skills. In addition to my advisors, I was
fortunate to have Dr. Christopher Schardl, Dr. Mark Farman, and Dr. Deborah Hill on my
dissertation committee. Their valuable guidance undoubtedly contributed to my success
as a Ph.D. student.
The Department of Plant Pathology, especially the past and present members of the
Vaillancourt lab, has made my stay at the University of Kentucky a happy one. I am very
thankful for all of the technical help that Etta Nuckles and Doug Brown have given me
over the years. All of the members of the department have been extremely kind during
my stay.
I would not have succeeded in graduate school without the love and encouragement from
my family and friends. I am thankful for having such supportive parents: Richard and
Jeanne Flowers. I know I will never fully understand the sacrifices they have made to
give me this educational opportunity. I am forever grateful to my husband, Ryan Doyle,
who has been with me through the daily ups and downs of graduate school. His
unwavering faith in my abilities kept me strong through the difficult times and his sense
of humor was a constant source of much needed comic relief. I am truly blessed to have
such caring people in my life and I am very thankful for each and every one of them.

iii

TABLE OF CONTENTS
Acknowledgments...................................................................................................... iii
List of Tables ............................................................................................................ vii
List of Figures........................................................................................................... viii
Chapter One: Diplodia pinea, The Causal Agent of Pine Tip Blight
1.1 Taxonomy................................................................................................1
1.2 Population Diversity.................................................................................3
1.3 Life Cycle ................................................................................................5
1.4 Disease Cycle...........................................................................................5
1.5 The Role of Stress ....................................................................................8
1.6 Economic Impact ....................................................................................10
1.7 Management ...........................................................................................11
1.8 Host-Pathogen Interactions .....................................................................13
1.9 Cytology of Infection and Colonization...................................................14
1.10 Latent Infections ...................................................................................16
1.11 Overview of My Dissertation Research .................................................18
References ....................................................................................................19
Chapter Two: Parameters Affecting the Efficiency of Agrobacterium tumefaciensMediated Transformation of Colletotrichum graminicola
Introduction ..................................................................................................27
Materials and Methods..................................................................................31
Fungal cultures and production of spore suspensions............................31
Construction of plasmid pJF1 ...............................................................31
Fungal transformation ..........................................................................32
Analysis of transformant stability .........................................................32
DNA extraction and Southern blot analysis ..........................................33
Calculations of A. tumefaciens culture density......................................33
Results..........................................................................................................34
Effects of experimental parameters of transformation efficiency...........34
Transformation stability .......................................................................35
Characterization of integration events...................................................35
Discussion ....................................................................................................36
References ....................................................................................................40
Chapter Three: Attempts to Transform Diplodia pinea with the Green Fluorescent
Protein
Introduction ..................................................................................................54
Materials and Methods..................................................................................55
Hygromycin B sensitivity.....................................................................55

iv

Production of protoplasts of D. pinea ...................................................55
PEG-mediated transformation ..............................................................56
D. pinea spore suspensions...................................................................58
A.tumefaciens-mediated transformation ................................................59
Results..........................................................................................................60
Hygromycin B sensitivity.....................................................................60
D. pinea protoplast production .............................................................60
PEG-mediated transformation ..............................................................61
A. tumefaciens-mediated transformation ...............................................61
Discussion ....................................................................................................62
References ....................................................................................................68
Chapter Four: Cytology of Diplodia pinea in Diseased, Healthy, and Latently
Infected Austrian Pine Shoots
Introduction ..................................................................................................84
Materials and Methods..................................................................................86
P. nigra pine tissue collection...............................................................86
D. pinea specific nested-PCR analysis of tissue samples.......................87
Spurr plastic embedding of tissue samples............................................87
Block preparation and sectioning..........................................................88
Slide preparation and observation.........................................................88
Results..........................................................................................................88
Asymptomatic, PCR-negative shoot samples........................................88
Diseased shoot samples ........................................................................89
Asymptomatic, PCR-positive shoot samples.........................................90
Terminal buds ......................................................................................91
Discussion ....................................................................................................92
References ....................................................................................................99
Appendix One: pJF1 Plasmid Map and DNA Sequence........................................130
Appendix Two: Long-Term Storage of Diplodia pinea cultures.............................132
Introduction .................................................................................................132
Materials and Methods.................................................................................132
Results and Discussion.................................................................................132
Appendix Three: in Vitro Observations of Diplodia pinea Hyphae and Spore
Germination Using DAPI and Calcofluor Staining .........................134
Introduction .................................................................................................134
Materials and Methods.................................................................................135
Results and Discussion.................................................................................135
References ...................................................................................................136
Appendix Four: Diplodia Tip Blight Symptom Development on Pinus nigra .......140

v

Appendix Five: Histology of Diplodia pinea Diseased and Healthy Pinus nigra
Needles ...............................................................................................151
Introduction .................................................................................................151
Materials and Methods.................................................................................151
Results and Discussion.................................................................................151
Asymptomatic needles from greenhouse-grown P. nigra .....................151
Diseased needles from the field and inoculated sterile needles from culture
............................................................................................................151
Pycnidia ..............................................................................................152
References ...................................................................................................152
References

............................................................................................................159

Vita

............................................................................................................173

vi

LIST OF TABLES
Table 2.1, The effect of different co-cultivation times and of different A. tumefaciens
strains on transformation efficiency......................................................47
Table 2.2, OD660 reading and colony forming units per ml of A. tumefaciens strains
C58C1 and AGL-1 with Ti-plasmid pBin-GFP-hph and pJF1...............48
Table 2.3, Number of transformants per 105 conidia obtained on nylon and nitrocellulose
membranes in 3 different transformation experiments ..........................49
Table 3.1, Different protocol parameters tested for PEG-mediated transformation of D.
pinea ....................................................................................................71
Table 3.2, A. tumefaciens-mediated transformation experiments performed in attempt to
transform D. pinea ...............................................................................72
Table 4.1, Observations of fungal colonization in diseased and asymptomatic shoot
samples ...............................................................................................103

vii

LISTS OF FIGURES
Figure 1.1, Color plates of Diplodia tip blight disease on P. nigra ...............................25
Figure 2.1, Map of novel binary vector pJF1 ..............................................................50
Figure 2,2, The effect of different amounts of A. tumefaciens IM broth culture cocultivated with C. graminicola spores on transformation number .........51
Figure 2.3, Number of transformants per 105 conidia obtained when different glucose
concentrations are added to the IM co-cultivation medium ...................52
Figure 2.4, Southern hybridization of C. graminicola pJF1 transformants....................53
Figure 3.1, Flow chart of the A. tumefaciens-mediated transformation protocol ...........75
Figure 3.2, D. pinea mycelium growth (in mm) after 5-week incubation on PDA and RM
amended with different concentrations of hygromycin B ......................76
Figure 3.3, D. pinea mycelium growth (in mm) after 3-week incubation on RM and GRM
amended with 60 µg/ml hygromycin B.................................................77
Figure 3.4, Wild-type D. pinea protoplasts (isolate 61SB) regenerated on RM amended
with increasing concentrations of hygromycin B ..................................78
Figure 3.5, D. pinea protoplast that has regenerated and resumed hyphal growth.........79
Figure 3.6, Fluorescent wild-type D. pinea aerial hyphae observed under the fluorescent
microscope...........................................................................................80
Figure 3.7, D. pinea background growth observed on A. tumefaciens-mediated
transformation selection plates .............................................................81
Figure 3.8, Putative D. pinea transformant hyphal growth ..........................................82
Figure 4.1, P. nigra shoot growth ...............................................................................104
Figure 4.2, Healthy Austrian pine shoots ....................................................................105
Figure 4.3, Longitudinal view of a healthy Austrian pine shoot sampled in January....108
Figure 4.4, Subcuticular hyphae between the epidermis and cuticle ............................109
Figure 4.5, Diseased Austrian pine shoot at the time of May sampling exhibiting first
symptoms of tip blight.........................................................................110
Figure 4.6, Tip blight diseased Austrian pine shoots ...................................................111
Figure 4.7, Immature pycnidia forming on diseased May shoot samples .....................113
Figure 4.8, Latently infected Austrian pine shoots: colonization of the crevice ...........114
Figure 4.9, Hyphal bundles outside Austrian pine shoots ............................................115
Figure 4.10, Latently infected Austrian pine shoots: hyphae breaching the epidermis .116
Figure 4.11, Epiphytic and endophytic fungal colonization of needle scales and fascicle
sheaths from latently infected Austrian pine shoots .............................118
Figure 4.12, Localized colonization of latently infected Austrian pine shoots .............119
Figure 4.13, Cytoplasm collapse and cell degradation preceding hyphal colonization in
latently infected Austrian pine shoots ..................................................120
Figure 4.14, Asymptomatic, PCR-positive Austrian pine shoots with extensive
degradation and hyphal colonization along the needle trace .................121
Figure 4.15, Necrophylactic periderms observed in a May and August latently infected
shoot sample .......................................................................................122
Figure 4.16, Dormant terminal buds sampled for this study ........................................125
Figure 4.17, Healthy terminal bud anatomy ................................................................126
Figure 4.18, Degraded axillary bud on a asymptomatic terminal bud from a diseased
shoot ...................................................................................................128

viii

Figure 4.19, Bud scale colonization and degradation on an axillary bud from an
asymptomatic terminal bud from an asymptomatic shoot.....................129
Figure A1.1, pJF1 map ...............................................................................................130
Figure A3.1, DAPI stained nuclei of D. pinea hyphae.................................................137
Figure A3.2, DAPI stained D. pinea spores with various nuclei numbers....................138
Figure A3.3, DAPI stained D. pinea germlings with high concentrations of nuclei in the
germ tubes...........................................................................................139
Figure A4.1, Diplodia tip blight diseased Austrian pine outside of the Agricultural
Science Building North in 1999 and 2005............................................141
Figure A4.2, May 2, 2005. Candle elongation............................................................142
Figure A4.3, May 6, 2005. First symptoms of resin droplets are visible on needles still
embedded or just emerging from the fascicle sheath ............................143
Figure A4.4, May 9, 2005...........................................................................................144
Figure A4.5, May 13, 2005.........................................................................................145
Figure A4.6, May 16, 2005.........................................................................................146
Figure A4.7, May 19, 2005.........................................................................................147
Figure A4.8, May 21, 2005.........................................................................................148
Figure A4.9, May 25, 2005.........................................................................................149
Figure A4.10, June 3, 2005.........................................................................................150
Figure A5.1, Healthy P. nigra needles ........................................................................154
Figure A5.2, Diseased P. nigra needles ......................................................................155
Figure A5.3, D. pinea pycnidia development in diseased needles ...............................156

ix

CHAPTER 1
Diplodia pinea, The Causal Agent of Pine Tip Blight
Diplodia tip blight, also known as pine tip blight or Sphaeropsis tip blight, is a
serious disease of conifers worldwide. Pinus species are particularly susceptible, but the
causal pathogen, Diplodia pinea, also infects Cedrus, Abies, Larix, Thuja, Juniperus,
Picea, and Pseudotsuga. Typical tip blight symptoms include stunted shoots with
necrotic, stunted needles; resinous cankers; and a general decline of the tree. D. pinea
can also cause seed rot, seedling collar rot, blue stain of cut timber, and branch dieback.
Interestingly, D. pinea can be isolated from surface-disinfested shoots of symptomless
pines, as well as from apparently healthy shoots on diseased pines. These latent
infections are very common in landscape Pinus plantings in Kentucky and elsewhere, but
their precise nature, and their role in the Diplodia tip blight disease cycle, are unknown.
The goal of my dissertation research was to use cytological approaches to compare latent
and pathogenic D. pinea infections of Austrian pine (Pinus nigra), in an effort to improve
our understanding of both types, and in particular to better understand how the latent
infections develop and are maintained.

1.1 Taxonomy:
Over the years, this pathogen has had many names, including at least 23
synonyms. In 1842, Desmazieres first identified this fungus growing on dead P. sylvestris
needles in France as Sphaeria pinea (Desmazieres 1842). Twenty-three years later, the
genus was changed to Diplodia based on morphology of the conidia, which were
described as brown with a single septum and measuring 35-40 µm X 16-18 µm (Kickx
1867). The reported habitat for Diplodia pinea at that time was limited to dead needles
of P. sylvestris and P. mugo in Belgium, France, and Italy. In the late 1800's two other
synonyms were used in the United States: Diplodia megalospora was described on the
cones of P. taeda in South Carolina (Berkeley 1874), and Sphaeropsis pinastri on dead P.
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sylvestris twigs in New Jersey (Cooke and Ellis 1878-1879). In these and other early
descriptions the fungus was not found in living tissue or causing any disease symptoms.
The first reports of D. pinea causing a significant disease on conifers were
published by the Royal Botanical Gardens in Kew, England (Anon 1907-1908; Bancroft
1911). According to these reports, D. pinea was responsible for diseases observed in
seedling and adult P. radiata and P. mugo var. mughus. Wound inoculation studies of
the recovered pathogen revealed that P. sylvestris was also highly susceptible (Anon
1907-1908). In the late 1920's and 1930's, D. pinea was reported as a dangerous parasite
of pines, especially of P. sylvestris and P. nigra, in Russia and Austria. At this time, the
pathogen was also described as "common" in the British Isles, however, tip blight disease
incidence was not reported. The first mention of D. pinea as a parasite causing needle
necrosis and stem cankers in the United States was from New Jersey in 1917 (Schwarze
1917). In the late 1930's D. pinea was reported by Hedgcock as a weak pathogen on 11
species of both hard and soft pines from 14 states in the central and eastern United States
(Hedgcock 1932). By 1943, 23 states, including Kentucky, had reported pine infections
by D. pinea. Even in these early reports, exotic pines were found to be more susceptible
than native pines (Waterman 1943). In the early 1980's, Sutton reviewed the taxonomy
and renamed this pathogen Sphaeropsis sapinea (Fr.:Fr.) Dyko & Sutton (Sutton 1980).
The name S. sapinea has been used since then until recently. The argument to change the
name back to D. pinea was first published in 2003 (de Wet et al. 2003). It was proposed
that the characteristics that Sutton used to change the name, including the number and
timing of septation, were not sufficient in separating this species from the genus Diplodia
(de Wet et al. 2003). Moreover, S. sapinea consistently grouped with other Diplodia
species in phylogenies (Burgess et al. 2001b; de Wet et al. 2003). Although sexual
reproduction has never been observed for this species, it is phylogenetically related to
fungi that have Botryosphaerea teleomorphs (de Wet et al. 2003). Based on these
arguments, tip blight disease experts have reverted back to using the name D. pinea this
year.
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1.2 Population Diversity:
D. pinea is a cosmopolitan, asexual fungus that can survive on living or dead host
material. Vegetative compatibility studies from around the world have demonstrated that
D. pinea is genotypically diverse (Smith et al. 2000; Burgess et al. 2001a). The pathogen
is generally described as having fast growing, fluffy, white to grey mycelium on agar
media (FIGURE 1.1a) (Palmer et al. 1987). However, some strains that were isolated
from tip-blight diseased trees produced black hyphae growing appressed to the agar
(Palmer et al. 1987). Based on these differences, two D. pinea morphotypes, A (white
and fluffy) and B (black and appressed), were described (Smith and Stanosz 1995).
Observations with the scanning electron microscope (SEM) revealed that the conidia of
the A morphotype were typically smooth in contrast to the pitted conidia of the B
morphotype (Wang et al. 1985; Wang and Blanchette 1986; Swart et al. 1993a; de Wet et
al. 2002).
These morphological distinctions between the A versus B morphotypes were later
found to be inconsistent, making it difficult to categorize them by their appearance alone
(Swart et al. 1993a; Smith and Stanosz 1995). Analyses of gene sequences, isozymes,
random amplified polymorphic DNA (RAPD), and simple sequence repeat (SSR)
markers were used to clarify the relationship between the morphotypes (Palmer et al.
1987; Smith and Stanosz 1995; de Wet et al. 2000; Burgess et al. 2001b). Sequencing of
the internal transcribed spacer 1 (ITS 1) of the rDNA revealed that the A and B
morphotypes differed at only two positions (de Wet et al. 2000; Flowers et al. 2003).
RAPD analysis of D. pinea isolates from around the world revealed that a third type,
morphotype C, was present in Indonesia (de Wet et al. 2000; de Wet et al. 2002). The
colony morphology and ITS sequence of the C morphotype were indistinguishable from
the A group, but the conidia were larger than those of the other two morphotypes (de Wet
et al. 2000). Cluster analyses of RAPD banding patterns separated the A and B
morphotypes into two distinct groups, with subgroups representing various hosts and
geographic locations (Stanosz et al. 1996). Parsimony analysis of SSR markers
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demonstrated that each of the three morphotypes represented a distinct clade, with C
more closely related to A (Burgess et al. 2001b).
The A morphotype appears to be more prevalent than the B or C morphotypes in
many parts of the world. Both the A and B morphotypes were found associated with
main stem cankers and top kill dieback of P. resinosa in Minnesota and Wisconsin
(Palmer 1991). However, most isolates from 19 Pinus, Cedrus, Larix, Picea, and
Pseudotsuga species from Africa, Australasia, Europe, and North America belonged to
the A morphotype (Stanosz et al. 1999). Isolates with the B morphotype have been
recovered from Pinus and Cedrus across their native range in Mexico, Europe, and the
United States (Stanosz et al. 1999; de Wet et al. 2000; Burgess et al. 2001b).
Nonetheless, preliminary surveys in Ohio found only the A morphotype (Bonello and
Blodgett 2003), and only the A morphotype has been isolated from P. nigra and P.
sylvestris in Kentucky (Flowers et al. 2003).
The A morphotype was consistently more virulent than the B morphotype in
inoculation studies. Greenhouse grown, wound inoculated P. sylvestris, P. mugo, P.
resinosa, P. menziesii, and A. balsamea were more susceptible to the A morphotype than
to the B morphotype (Blodgett et al. 1997b; Blodgett and Stanosz 1999). P. nigra woundinoculated with the A morphotype developed cankers on the trunk and elongating shoots
(Blodgett and Bonello 2003). In contrast, the B morphotype only caused trunk cankers in
the same study. The A morphotype was more virulent on 9-year-old inoculated pines in a
Wisconsin plantation (Blodgett and Stanosz 1997b). Inoculation studies revealed that the
B morphotype required a wound to infect coniferous hosts, in contrast to the A
morphotype which can infect both intact and wounded host tissue (Palmer et al. 1987).
Wound inoculations of P. patula seedlings suggested that the C morphotype was more
virulent than either the A or B morphotype (de Wet et al. 2002).
Based on the differences in morphology, and phylogenies based on gene
sequences, a new species name, Diplodia scrobiculata, was assigned to the B
morphotype (de Wet et al. 2003). Recent analysis of 7 SSR markers indicated that there
was geographic isolation of D. scrobiculata populations in different locations in North
4

America (Burgess et al. 2004). Since the B morphotype is now considered a separate
species, while the C morphotype has a very limited geographical range, and because
neither of these types occurs commonly in Kentucky, my dissertation is focused only on
D. pinea (S. sapinea sensu lato A morphotype).

1.3 Life Cycle:
D. pinea produces black globose pycnidia (FIGURE 1.1b) containing large
hyaline to dark brown conidia (FIGURE 1.1c) on dead host tissues (Sutton 1980).
Conidial size varies, with lengths ranging from 30-45 µm and widths from 10-18 µm.
Some conidia are coenocytic, while others have 1-3 septa. D. pinea conidiogenesis is
holoblastic, and the conidia darken as they mature (Swart et al. 1993a). Transmission
electron microscopy (TEM) studies of D. pinea conidia revealed a single cell wall layer
differentiated into an outer electron dense zone and an inner hyaline zone (Wang and
Blanchette 1986). The outer electron dense zone was not observed in immature hyaline
conidia (Wang and Blanchette 1986). In laboratory tests, conidia germinated at
temperatures of between 12-36 ˚C on water agar, with a temperature optimum of 24 ˚C.
Under these conditions, conidia began to germinate in 1.5 hours, and 95% had
germinated within 4 hours (Brookhouser and Peterson 1971). In sterile water, a majority
of conidia germinated within 3 hours, with a temperature optimum of 30˚ C (Chou
1982b). In addition to the large, brown macroconidia, smaller hyaline microspores are
occasionally observed in pycnidia (Swart et al. 1993b). These spores are about 2.5-3 µm
in diameter, and their role, if any, in the disease cycle is unknown.

1.4 Disease Cycle:
Shoots of Pinus hosts are most susceptible to infection from bud break until they
have elongated and become lignified (Chou 1982b; Chou 1982a; Palmer et al. 1988).
Current year needles are also most susceptible during this time, while needles from the
previous year appear to be more resistant to new infections (Brookhouser and Peterson
1971). In the northern hemisphere, D. pinea conidia are released from March until
5

November, depending on environmental conditions. Spore trap studies in South Africa
(Swart et al. 1987a) and the United States (Palmer et al. 1988) indicated that D. pinea
conidia were most prevalent during rainy weeks, and that there was no correlation
between mean maximum monthly temperatures and spore release. Conidial counts were
highest after periods of rainfall during the spring and summer months, when prevailing
temperatures were higher than 20˚ C (Swart et al. 1987a; Palmer et al. 1988).
Temperature and humidity are very important during the early stages of infection
(Brookhouser and Peterson 1971). Successful infection can occur at temperatures
ranging from 10˚ C to 40˚ C, with adequate periods of leaf wetness. At least 3 hours of
leaf wetness were required at optimum temperatures of between 20˚ C and 30˚ C, but 48
hours of leaf wetness were necessary for successful infection at higher temperatures
(Chou 1982b).
D. pinea is an aggressive wound pathogen. Dieback caused by D. pinea
associated with hail wounds is a common and important disease of commercial pine
plantations, resulting in substantial timber losses every year (Zwolinski et al. 1990a; de
Wet et al. 2000; Smith et al. 2002). Infections via pruning wounds have been linked to
blue stain, branch dieback, and crown wilt(Chou and MacKenzie 1988), and cankers
caused by D. pinea have been associated with bark beetle wounds in Minnesota (Nicholls
and Ostry 1990). The pathogen was isolated from almost half of the bark beetles trapped
around P. nigra trees in Ohio, suggesting that bark beetles may actually vector the fungus
(Bonello and Nielsen, unpublished data in Blodgett 2003). Wound infections can occur
throughout the growing season, in contrast with infections of intact tissues that occur
most often in the spring and early summer. Thus, wounds are the primary infection court
for secondary infections.
Symptoms can develop very rapidly after D. pinea infection. Pinus species
developed symptoms of necrotic, discolored leaves within 24 hours post wound
inoculation and several centimeters of the inoculated shoots were sometimes killed within
5 to 6 days (Brookhouser and Peterson 1971; Chou 1976a; Flowers et al. 2001). More
typically, dieback of various pine species occurs within 2 to 4 weeks post-spore
inoculation in the greenhouse or field (Brookhouser and Peterson 1971; Chou 1976b;
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Flowers et al. 2001). D. pinea cankers (FIGURE 1.1d) are typically larger on branches
inoculated in the spring than on branches inoculated in the summer and fall (Swart and
Wingfield 1991b). A multitude of symptoms are caused by D. pinea infection, including
tip and branch dieback (FIGURE 1.1e), canker, crown wilt, and blue stain of cut timber.
The most common symptom however, is tip, or shoot blight consisting of stunted,
necrotic current-year shoots and needles (FIGURE 1.1f). Resin droplets, the first
symptom of shoot blight, occur in early spring on needles when they are still embedded
in or have just emerged from the fascicle sheath (FIGURE 1.1g) (Peterson 1977; Palmer
and Nicholls 1985). Later, tan or reddish lesions progressing to stunted, necrotic needles
develop (Brookhouser and Peterson 1971; Chou 1976b). The entire current year shoot
can also become necrotic and stunted. The dead shoot tips either remain upright or bend
into a "shepherd's crook", depending on the host species (Chou 1976b). A more serious
symptom of D. pinea infection can occur when the leader is infected and killed, resulting
in "stag-head" and malformation of the tree (Wright and Marks 1970; Chou 1976a;
Currie and Toes 1978). Necrosis can move back from the branch tip toward the trunk,
sometimes killing the previous year’s growth as well as the current year’s (Johnson et al.
1985). Symptomatic host tissue is typically resin soaked, and adventitious budding is
common below the dead tissue (FIGURE 1.1h) (Palmer and Nicholls 1985). D. pinea
can also cause stem and trunk cankers that are typically associated with hail or insect
wounds (Nicholls and Ostry 1990). Crown wilt is another serious symptom, most often
observed in New Zealand, when the vasculature is blocked by localized lower stem
infections (Palmer and Nicholls 1985; Chou 1987). In the United Kingdom, D. pinea was
the most commonly found fungus causing blue stain of cut timber, particularly in
mechanically harvested stands (Uzunovic et al. 1999). Sap stain can result from the
melanin produced by D. pinea in infected wood, but it is generally not associated with
reduced structural integrity of the timber (Kreber et al. 2001). Seed rot, seedling
damping off, and collar rot are also associated with D. pinea infection. Collar rot and
root disease caused by Sphaeropsis ellisii (synonym of D. pinea) were reported as early
as 1938 on 3-5-year-old P. resinosa seedlings in Maryland (Crandall 1938).
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The symptoms of D. pinea infection are distinct, and the ease of pathogen
isolation facilitates diagnosis. Signs of D. pinea infection are abundant on dead host
tissue and this also aids diagnosis. Pycnidia were formed in as few as 5 days on killed
shoots of inoculated seedlings kept in high humidity (Chou 1976b). In the field, pycnidia
containing immature spores can be found as early as June on recently killed host tissue
(Palmer and Nicholls 1985). Pycnidia are formed on any type of necrotic host tissue, but
most particularly on the needles and the cones. On needles, fruiting structures are
generally formed beneath the fascicle sheath but they can also be found along the whole
length of the leaf (Palmer et al. 1988). Any dead cone can harbor fruiting structures;
however, pycnidia-laden mature third-year cones are the most common (FIGURE 1.1i).
Pycnidia were observed in 84% of sampled mature P. resinosa cones, (Nicholls and
Ostry 1990) and are routinely found on P. nigra and P. sylvestris cones in Kentucky. The
abundant sporulation on dead host tissue plays an important role in inoculum buildup in
infected stands. Cones from infected windbreaks have been reported to be the most
important source of inoculum in forest nurseries (Palmer et al. 1988).
1.5 The Role of Stress:
Host stress and its relationship to tip blight disease development has been the
topic of many investigations. Studies of the effect of water stress were spurred by the
increase in tip blight disease incidence and severity observed in years of drought (Bega et
al. 1978; Nicholls and Ostry 1990). In fact, D. pinea was not considered an important
pathogen of Pinus in Hawaii until severe dieback was observed in plantations following a
4-year drought (Bega et al. 1978). Numerous inoculation studies in greenhouses have
supported a link between drought stress and disease severity. The degree of stem
colonization, and the distance from the inoculation wound at which necrotic needles
occurred, increased as soil water potentials decreased (Bachi and Peterson 1985; Blodgett
et al. 1997a; Paoletti et al. 2001; Stanosz et al. 2001). The increase in symptom severity
was observed regardless of whether the trees underwent water stress before or after
inoculation (Paoletti et al. 2001). A 3-year field study of 9 year-old P. resinosa trees
found that more severe symptoms were observed on trees that did not receive
supplemental water or weed control, compared with other trees that were watered and for
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which surrounding weeds were treated with herbicide (Blodgett et al. 1997b). The trees
that were not watered or treated with herbicide had lower needle water potentials
(Blodgett et al. 1997b). Predisposition to severe disease occurred in P. radiata seedlings
that had a threshold needle water potential of -2.5 MPa (Chou 1987). Even sap stain of
cut timber caused by D. pinea is reduced when logs are water soaked (Boddy 1994).
More severe symptoms are often observed on trees receiving fertilizer. Field
studies found an increase in lesion lengths on D. pinea-infected fertilized versus
nonfertilized adult P. resinosa (Blodgett et al. 2005). Closer examination revealed that
mean foliar nitrogen (N) levels were higher in severely infected Pinus spp. stands (Van
Dijk et al. 1992; Stanosz et al. 2004). Soil analysis of P. nigra ssp. laricio and P.
resinosa stands showed higher levels of water soluble ammonia and phosphorous in
severely infected versus less infected stands (Van Dijk et al. 1992; Stanosz et al. 2004).
Other diseases of Pinus, including pitch canker, also occur more frequently on trees that
are treated with manure or N fertilizer (Solel and Bruck 1989). Excess N can affect the
water balance in trees by increasing the shoot to root ratio and decreasing fine root mass
(Van Dijk et al. 1992). This results in reduced water uptake, even under optimum
watering conditions, and could mimic drought stress. In addition, fertilized trees were
more succulent and had lower lignin concentrations, optimizing conditions for infection
(Stanosz et al. 2004; Blodgett et al. 2005). Precisely why disease severity is greater on
fertilized trees is unknown, but it probably results from a combination of effects of excess
N on host physiology.
Other host and environmental stresses can also result in more severe tip blight
symptoms. Severe damage on both native and introduced Pinus species has been related
to host age (Stanosz et al. 1997). Many susceptible trees, including P. nigra and P.
sylvestris in Kentucky, are planted out of their native range, typically on unsuitable sites.
However, trees planted in the landscape are usually free of severe symptoms until they
reach cone-bearing age (Peterson and Wysong 1968; Johnson et al. 1985; Flowers et al.
2001). Younger, non-infected, or mildly symptomatic trees are often observed near
sexually mature, heavily infected trees (Flowers et al. 2001). Therefore, exposure to
inoculum from nearby infected trees does not appear to be solely responsible for the
increase in disease severity that is observed at maturity. Perhaps Pinus species are more
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resistant to natural D. pinea infection until they become sexually mature. If so, this is not
universally true, since disease severity was reported to actually decrease in P. radiata
stands after the trees were 7 to 8 years old (Chou 1977). Furthermore, Pinus species of
all ages are susceptible to artificial inoculation and can become naturally infected via
conidia (Chou 1977). Thus, D. pinea became an important pathogen of younger trees in
New Zealand with increased thinning and pruning of timber stands (Chou 1976a).
Pruning has been associated with increased disease severity (Chou 1976a);
however, it is not clear if the stress caused by pruning to the tree, or the opportunistic use
of pruning wounds as infection sites for D. pinea (or a combination of the two) is
responsible for the increase in tip blight symptoms. Host location also can have an effect
on D. pinea disease severity. Increased disease severity on second-year tissues were
noticed in years following harsh winters in Nebraska and North Dakota (Johnson et al.
1985). In the same region, trees located along the edges of stands exhibited more severe
disease (Johnson et al. 1985). New Zealand and South African Pinus stands located in
enclosed valleys with high humidity and little temperature variation had a higher disease
rating than stands on open land (Chou 1976a; Chou 1977; Swart and Wingfield 1991a).
Similarly, less disease damage was observed in stands at altitudes higher than 260 meters
(Zwolinski et al. 1990b).
1.6 Economic Impact:
D. pinea has an extensive host range including species in the genera Cedrus,
Abies, Larix, Thuja, Juniperus, Picea, Pseudotsuga, and Pinus (Palmer and Nicholls
1985). Diplodia tip blight disease occurs in both hemispheres between the latitudes of
30˚ north and 50˚ south, across six continents (Gibson 1979; Swart and Wingfield
1991a). Diplodia tip blight has had a large economic impact on pine related industries.
The greatest losses to the timber industry have been in South Africa, and New Zealand;
however, Australia, Europe, Hawaii, and the northern United States have also seen
significant losses (Bega et al. 1978; Van Dijk et al. 1992; de Wet et al. 2000; Burgess et
al. 2001a). Despite many efforts to reduce its impact, tip blight is considered the most
economically important pine disease in South Africa, and results in substantial losses
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estimated at $3.8 million U.S. annually (Zwolinski et al. 1990a; de Wet et al. 2000; Smith
et al. 2002). Because of tip-blight associated losses, many South African Pinus radiata
stands have been clear cut or abandoned (Lundquist 1987). In one study, losses increased
with tree age and site index, and were due primarily to the decreasing value of timber
caused by sap stain, reduced salable wood, and the cost of emergency timber sales. Other
losses were incurred because of premature reestablishment costs due to site preparation,
planting, and weeding (Zwolinski et al. 1990b; Kreber et al. 2001). Similar losses are also
reported in New Zealand and Australia (Burgess et al. 2001a). For example, infections
reduced timber increments by 40% and marketable volume by 63% in New Zealand P.
radiata stands. A 1980's epidemic in the Netherlands left over 35% of P. nigra ssp.
laricio and P. nigra stands, and 32% of P. sylvestris stands, infected (Van Dijk et al.
1992). Also in the 1980's, D. pinea infections caused serious economic losses to native
and exotic pine nurseries and plantations in the North Central United States (Brookhouser
and Peterson 1971; Johnson et al. 1985). Although tip blight did not always kill
seedlings in the forest nurseries, all symptomatic trees were culled because they were not
marketable (Palmer and Nicholls 1985). In Kentucky, Sphaeropsis tip blight does not
have a large impact on the timber industry but it has caused significant damage on exotic
pines, such as P. sylvestris and P. nigra in the landscape and in Christmas tree
plantations. P. nigra is still planted in the landscape, however, symptomatic trees
typically have to be removed once they sexually mature because they are no longer
aesthetically pleasing. Christmas tree growers in the region are scaling back P. sylvestris
plantings due in part to D. pinea. Official loss estimates are not yet available, but
comments from the individual growers suggest that they are highly significant.

1.7 Management
Few controls are available for effective management of D. pinea. Mycelia are
very sensitive to benomyl and propiconazole in vitro (Swart et al. 1987b). In Wisconsin
nursery trials, the systemic fungicides benomyl and thiophanate-methyl, and the
protectant fungicide chlorothalonil, were the most effective for tip blight disease control
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(Palmer et al. 1986; Smith et al. 1996). Benomyl, coupled with copper sulfate, was also
successful in reducing D. pinea infections of new P. nigra shoots in Long Island.
However, multiple applications were needed to achieve adequate control and
aesthetically pleasing trees (Schweitzer and Sinclair 1976). Bordeaux mixture applied at
a high rate between mid-May and mid-June also reduced infection rates of P. nigra, P.
sylvestris, and P. ponderosa in the central United States (Peterson and Wysong 1968;
Peterson 1977). Applications of a mixture of methyl bisthiocyanate and 2-n-octyl-4isothiazolin-3-one to cut timber prevented D. pinea sapstain (Kreber et al. 2001).
Fungicides are effective, but expensive, and so they are most frequently utilized in
seedling nurseries or other high-value situations.
Cultural controls are also commonly recommended, and these are based on our
rather imperfect understanding of the D. pinea disease cycle. Reducing host stress by
planting a well-adapted species on the site, and by providing supplementary water, may
reduce symptom severity (Nicholls and Ostry 1990; Blodgett et al. 1997b). Pruning of
heavily diseased branches is recommended for aesthetic reasons and to reduce sources of
inoculum. Pruning should be done only in the winter months, however, to help prevent
wound infections (Swart et al. 1987a; Nicholls and Ostry 1990; Swart and Wingfield
1991a). Pruning can also cause stress to the tree and this should be balanced with the
potential beneficial results. Diseased windbreaks should be removed, and replaced by
resistant tree species, since infected windbreaks are responsible for most of the D. pinea
inoculum in nurseries and on Christmas tree farms (Stanosz and Smith 1996). These
control options are more effective when combined, and are the most efficient way to
reduce diseases caused by D. pinea (Stanosz and Smith 1996). Nontheless, they usually
just slow the progression of the disease, and do not entirely stop it: these
recommendations were followed by University of Kentucky groundskeepers and it has
still been necessary to remove most of the P. nigra in the landscape here. Since 1992,
well over half of the P. nigra trees on campus have been removed due to severe tip blight
disease (Flowers et al. 2001).
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1.8 Host-Pathogen Interactions:
We know very little about the interaction that occurs between D. pinea and its
hosts on a cellular level. In one report, more extensive colonization, resulting in more
severe symptoms, was observed when temperatures were between 20 ˚C and 25 ˚C during
initial infection periods (Chou 1982b). This temperature range was also in the optimum
for hyphal growth in the laboratory, suggesting a correlation between virulence and
fungal growth rate (D. pinea is a remarkably fast growing organism for a pathogenic
fungus) (de Wet et al. 2002). As further evidence, a positive correlation was also found
between radial growth rates of different D. pinea isolates in vitro and the mean extent of
cambium discoloration they caused in inoculated P. radiata (Swart et al. 1991).
Various chemical factors have been implicated in disease resistance. Lignin
concentrations were significantly higher at inoculation sites and had a significant effect
on restricting D. pinea canker size in the first week post inoculations. However, the
correlation between lignin concentration and reduced canker length did not continue in
the following weeks (Bonello and Blodgett 2003). Salicylic acid (SA) was not detected
in D. pinea-inoculated seedlings, suggesting that SA-mediated systemic acquired
resistance does not occur in this interaction (Bonello and Blodgett 2003). Monoterpenes
and phenolics are the main class of metabolites associated with resistance to pathogens in
Pinus (Mirov 1967). In New Zealand, some disease-free trees in severely infected stands
had high levels of monoterpenes in the cortical tissues. One particular monoterpene, ∆3
carene, reduced D. pinea germination by 70% in vitro when it was applied at half the
concentration found in P. radiata cortical cells (Chou and Zabkiewicz 1976).
Monoterpenes also inhibited spore germination and radial mycelial growth in vitro in
another study at saturated atmosphere levels (Blodgett and Stanosz 1997a). In contrast to
these studies however, monoterpene concentrations were positively correlated with
symptom severity in inoculated P. resinosa incubated in a growth chamber (Blodgett and
Stanosz 1998). Stilbenes are phenolic secondary metabolites that have been implicated in
decay resistance in trees (Celimene et al. 2001). Stilbenes extracted from Pinus,
including pinosylvin and its derivatives, reduced D. pinea germination rates and mycelial
growth in vitro. However, D. pinea was relatively tolerant to these compounds in
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comparison with other fungi (Blodgett and Stanosz 1997a; Celimene et al. 2001). In one
study, an increase in total soluble phenolics was detected in P. resinosa inoculated with
D. pinea, when compared to wounded controls (Blodgett et al. 2005). However, an earlier
report by the same author found that phenolic concentrations did not change after
inoculation (Blodgett and Stanosz 1998). Because of conflicting information in the
literature, the effects of monoterpenes and phenolics in planta on symptom severity or D.
pinea restriction are not clear (Blodgett and Stanosz 1998). Although D. pinea appears to
be sensitive to many host secondary metabolites in vitro, questions remain about the role
of these metabolites in resistance in planta.
Several metabolites that are produced by D. pinea have been identified as
potential virulence factors. Sapinofuranones A and B, two D. pinea metabolites
organically extracted from culture filtrates, exhibited high phytotoxicity on host and nonhost plants (Evidente et al. 1999). More specifically, toxicity was particularly high in the
bark tissues (Evidente et al. 1999). However, as is the case with host metabolites, proof
for a direct role of these fungal compounds in the disease interaction is lacking.
Two totiviruses have been found that infect D. pinea (SsRV1 and SsRV2). The
genome of each virus is approximately 5 kb, and the sequence of each is similar to the
Helminthosporium victoriae 190S dsRNA virus, which confers hypovirulence on its host
(Preisig et al. 1998). Ten percent of South African isolates tested were positive for
dsRNA in this initial report, and dsRNA infected D. pinea isolates have been found in
other parts of the world, including Kentucky (Preiseg et al. 1998; Flowers, unpublished
data). However, in contrast to the Helminthosporium totivirus, there did not appear to be
any correlation between viral infection and pathogenicity in D. pinea greenhouse
inoculation experiments (Wu et al. 1989; Preisig et al. 1998; Steenkamp et al. 1998).

1. 9 Cytology of Infection and Colonization
Infections can occur on the leaf, primary leaf, fascicle, or stem, but penetration of
most of these tissues has never been directly observed (Brookhouser and Peterson 1971;
Chou 1976b; Chou 1978). Observations using light and electron microscopy revealed
that D. pinea spore germination occurred within 3 to 6 hours of being deposited on the
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needle surface (Chou 1978). Fluorescent labeling and plastic needle imprints of sporeinoculated needles suggested that D. pinea germ tubes entered the needle stomates
(Brookhouser and Peterson 1971). However, most of the germ tubes did not grow
directly towards the stomates, and some were even observed growing over guard cells
without entering the stomatal cavity, suggesting that stomatal penetration occurs more by
chance than design (Brookhouser and Peterson 1971). Germination rate, germ tube
length, and germ tube orientation did not appear to be affected by the host species or the
age of the needle (Brookhouser and Peterson 1971; Chou 1978). By 24 hours after
inoculation of elongating shoots with D. pinea spores, abundant external hyphae were
observed, generally growing transversely along the long axis of the stem, and commonly
forming hyphal aggregates closely appressed to the host surface (Chou 1978). Infection
of non-lignified stems appeared to occur between anticlinal epidermal walls, in
association with these hyphal aggregates (Chou 1978). Host cell walls exhibited
clarification of microfibrillar structures, loss of electron-opacity, and an accumulation of
granular material in the vicinity of hyphae within 6 hours (Chou 1978). D. pinea was
observed growing intercellularly and intracellularly within host cells (Luchi et al. 2005).
Growth of D. pinea in its host preceded the formation of darkly colored necrotic areas in
shoots (Bachi and Peterson 1985), however, Chou reported that dead host cells were
often seen in the absence of the pathogen (Chou 1976a). Colonization below the
inoculation point was rarely observed (Chou 1987). Based on isolation studies of
diseased shoots, D. pinea is thought to colonize all shoot tissues (Chou 1976b; Flowers et
al. 2001). Observations of inoculated seedlings using light microscopy suggested that D.
pinea hyphae had entered the needle trace phloem and passed into the stem conductive
tissue (Rees and Webber 1988). Interestingly, significant variation in the rate of D. pinea
colonization was observed, even when different branches on the same whorl were
inoculated with the same D. pinea isolate (Chou and MacKenzie 1988), and the pathogen
appeared to be discontinuous in the host tissue (Flowers et al. 2003).
In addition to shoots and needles, D. pinea also colonizes cone tissues, and could
be recovered from the pith, seeds, seed wings, and ovuliferous scales of mature seed
cones (Smith et al. 1996; Smith et al. 2002). In contrast to isolation studies performed in
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our lab on P. nigra (Flowers et al. 2001), D. pinea was never isolated from first year P.
patula, P. nigra, and P. sylvestris cones in South Africa and Nebraska (Peterson 1977;
Smith et al. 2002).
In South Africa, D. pinea was found to rapidly attack seedling radicles and cause
damping off (Rees and Webber 1988). Observations of these seedlings using light
microscopy revealed hyphae entering and colonizing the periderm (cells lying beneath
the epidermis)(Rees and Webber 1988). In severely diseased seedlings, hyphae were
located throughout the tissues, growing along parenchyma rays, and invading the xylem
(Rees and Webber 1988). Proliferation of cortical cells caused the common purple
appearance of infected seedling stems (Rees and Webber 1988). Collar rot is prevalent in
P. resinosa nurseries in Wisconsin (Stanosz and Cummings Carlson 1996). Blackened
cortical cells and darkly stained xylem without any resin soaking were observed in these
seedlings. Recently planted seedlings died before spring growth occurred, while the
spring growth of established seedlings became chlorotic, wilted, and died (Stanosz and
Cummings Carlson 1996). Although collar rot is important, tip blight symptoms
typically cause more damage than collar rot in pine nurseries (Palmer and Nicholls 1985).
Unlike the reports in South Africa, no extensive colonization of seedling roots by D.
pinea was observed in the United States (Stanosz and Cummings Carlson 1996).
Interestingly, although there was an early account of root disease of P. resinosa in
Maryland, root disease of mature trees has not been observed in recent times in the
United States and has only been reported from South Africa on mature P. elliottii, and P.
taeda (Wingfield and Knox-Davies 1980). Conversely, collar rot, although common in
nurseries in the United States, has never been observed in South Africa (Swart and
Wingfield 1991a).
1.10 Latent infections:
D. pinea is frequently isolated from apparently healthy host tissue (Stanosz et al.
1997; Flowers et al. 2001; Stanosz et al. 2001). These latent infections occur in
otherwise healthy seedling and adult trees, as well as in asymptomatic tissues of D. pinea
diseased trees. D. pinea was isolated from a majority of asymptomatic P. resinosa
seedling shoots in forest nurseries (Stanosz et al. 2001). Surveys of adult trees suggested
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that nearly half of the apparently healthy P. nigra and P. sylvestris, and over a quarter of
the apparently healthy P. resinosa and P. banksiana, had latent D. pinea infections
(Stanosz et al. 1997; Flowers et al. 2001). More surprisingly, over half of the
asymptomatic shoots on diseased P. nigra trees were found to be infected with latent D.
pinea (Flowers et al. 2001). D. pinea was most commonly isolated from asymptomatic
P. nigra shoots, and previous year needles, but asymptomatic current year needles, buds,
immature cones, and male flowers also harbored the pathogen (Flowers et al. 2001).
Isolation studies from asymptomatic P. resinosa and P. banksiana found that latent D.
pinea infections were most commonly associated with the stems and previous year
needles; however, no latent infections were found in current year needles (Stanosz et al.
1997). Further dissection studies of latently infected shoots found that D. pinea was
localized in the shoot cortex, outside the vascular cambium (Flowers et al. 2001). All D.
pinea isolates from latent infections that have been tested have been completely virulent
in greenhouse inoculation studies (Stanosz et al. 1997; Flowers et al. 2001). Why D.
pinea infection does not always result in symptom development is unknown. Latent
infections involving other tree pathogens, such as Hypoxylon atropunctatum of oaks, and
Botryosphaeria dothidea of apples, a fungus closely related to D. pinea, have been well
documented (Bassett and Fenn 1984; Kim et al. 2001).
Although it has never been directly addressed in experiments, it is an interesting
and highly significant possibility that latent D. pinea infections could become pathogenic
when the host is stressed or reaches physiological maturity (Stanosz et al. 2001). This
possibility could explain why disease symptoms seem to develop so quickly during
droughts, since drought conditions are not very conducive to fungal spore release and
infection. Only a few experiments have been reported testing the potential role of water
stress in the shift from latent to pathogenic D. pinea infections (Bachi and Peterson 1985;
Stanosz et al. 2001). Asymptomatic seedlings from a nursery known to harbor latently
infected host material were subjected to different watering regimes in greenhouse
experiments. Symptoms of D. pinea collar rot developed in more seedlings under the
driest regime compared to the watered controls (Stanosz et al. 2001). Experiments with
other fungi that have latent phases in angiosperms also suggest that water stress plays a
role in switching from latent to pathogenic (in this case sap staining) growth (Boddy
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1994). Taken together, this limited evidence suggests that drought stress or other stresses
on the host can regulate a switch from latent to pathogenic growth. If this is true, then it
becomes very important to understand the nature of latent infections, in particular, how
they originate, and how they are maintained.
1.11 Overview of My Dissertation Research
As part of my research for my Masters thesis, I developed a D. pinea-specific
nested-polymerase chain reaction (PCR) technique to detect latent infections in
asymptomatic host tissues (Flowers et al. 2003). At the time, Kentucky was undergoing a
drought and tip blight had reached epidemic proportions in the region (Flowers et al.
2001). The question of whether latent infections could transform into pathogenic ones
became a compelling one, since it would explain why trees were becoming severely
affected so quickly, in many cases despite receiving routine applications of fungicide.
My dissertation research was carried out with P. nigra, commonly named
Austrian or black pine. P. nigra is a widely distributed species from the mountainous
regions of southern Europe and Asia minor, with outliers in the Mediterranean islands
and northern Africa (Mirov 1967). This species was first introduced in the United States
in 1759 for use in ornamental and windscreen plantings (Houston and McClenahen
1996). Today, P. nigra is the most widely planted ornamental conifer in the central
United States, (Bonello and Blodgett 2003) and it is also commonly used along highways
in Indiana, Ohio, West Virginia, and Kentucky because of its high tolerance to salt spray
(Houston and McClenahen 1996). As early as 1908, Hedgcock noted that D. pinea was
the suspected cause of a severe disease of P. nigra (Hedgcock 1932). An Ohio
inoculation study suggested that P. nigra seed sources exhibited variation in resistance to
diseases caused by D. pinea, although all were susceptible (Bonello and Blodgett 2003).
The goal of my dissertation research was to gain a better understanding of the
cytological nature of latent versus pathogenic infections of P. nigra by D. pinea. Two
approaches, molecular cytology and more traditional histological methods, were taken in
order to achieve this goal. Chapters 2 and 3 describe the work I did to develop a
transformation method for D. pinea. Although in the end I did not succeed in
transforming the fungus, the work I did will move that goal much closer. I did develop
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optimized parameters for Agrobacterium tumefaciens mediated transformation of another
plant-pathogenic fungus, Colletotrichum graminicola, which was used as a control in my
experiments, and this is described in Chapter 2. Although the molecular cytology
approach utilizing the green fluorescent protein (GFP) is still in the future, I succeeded in
characterizing latent versus pathogenic infections using more traditional histological
methods, which are described in Chapter 4. I found that latent D. pinea infections were
localized in the periderm and in a few of the adjacent cortical cells usually around the
needle scales at the leaf axis. In contrast, pathogenic infections were localized
throughout the shoot tissues even very early in symptom development. Another
intriguing observation was that latently infected, dormant terminal buds had localized D.
pinea infections of single auxillary buds that appeared to originate from the distal bud
scale and not from the D. pinea infected branch on which the bud was set. Despite my
unsuccessful attempts to transform D. pinea with the gfp gene, I was still successful in
accomplishing my research goal with more traditional histological methods. In addition
to being the first researcher to investigate latent D. pinea in P. nigra using microscopy, I
was the first to observe latent colonization of any fungal pathogen in conifer shoot
tissues.
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Figure 1.1: Color plates of Diplodia tip blight disease on P. nigra. A) 7 day old PDA
culture of D. pinea; B) D. pinea pycnidia on sterile needle from 2 week old water agar
culture (red arrow heads); C) D. pinea conidia, bar equals 30 µm; D) resinous shoot
canker (between the 2 red arrow heads), photo courtesy of Dr. J. Hartman; E) two
Diplodia tip blight diseased trees from the University of Kentucky campus showing
symptoms of shoot, branch, and crown dieback; F) current year shoot with tip blight
symptoms; G) resin droplets (red arrow head) on young needle fascicles; H) adventitious
shoots (red arrow heads) below necrotic shoot; I) D. pinea pycnidia on cone.
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CHAPTER 2
Parameters Affecting the Efficiency of Agrobacterium tumefaciens-Mediated
Transformation of Colletotrichum graminicola
Introduction
The goal of work described in Chapters 2 and 3 of my dissertation was to develop
a transformation system for Diplodia pinea that would allow introduction into the
genome of a foreign (jellyfish) gene encoding a protein that fluoresces green when
exposed to UV light. This would create a “marked” transgenic strain of D. pinea that
could be used for inoculation studies in the greenhouse in order to investigate
colonization (both latent and pathogenic) of host tissues. The GFP-marked strain could
be differentiated from any endophytic or latent fungal inhabitant of the tissues, and could
be easily visualized under an epifluorescence or confocal microscope without the need
for fixation, thin-sectioning, or other manipulations. Initially, standard PEG-mediated
methods for transformation were attempted, but without success. These are described in
chapter 3. Later, my focus shifted to a newer method for transformation involving the
crown gall bacterium Agrobacterium tumefaciens. A. tumefaciens-mediated
transformation (ATMT) has sometimes been described in the literature as a method that
could work for transformation of recalcitrant fungi, when more traditional methods had
failed. Parameters for ATMT were first tested by using a different filamentous fungus,
Colletotrichum graminicola, which is a pathogen of corn. This seemed wise since D.
pinea has never been subjected to molecular manipulations, while C. graminicola had
been the subject of molecular studies for many years in our laboratory, and so numerous
molecular tools and protocols were already available for it. Optimized parameters for
ATMT of C. graminicola are presented in this chapter of my dissertation. This work is
significant because ATMT had not been used for this fungal species before, and
furthermore very few investigations of the effect of experimental parameters on
transformation efficiency in fungi have been published. Because of this, this chapter has
been written up separately and submitted for publication. Attempts to apply the same
methods to D. pinea are presented in Chapter 3. Although ultimately ATMT failed to
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produce GFP-transformants of D. pinea, the work presented in Chapter 3 serves as a
useful foundation for future attempts to transform the fungus by this or other means.
The green fluorescent protein (GFP) gene from the jellyfish Aequorea victoria
was cloned in 1992 (Prasher 1992) and has revolutionized microscopy studies in many
fields, including studies of host/pathogen interactions (Lorang et al. 2001). Unlike other
reporter genes, such as GUS, that typically require killing and fixing the sample tissue for
detection of expression, GFP fluoresces in living tissues in the presence of UV or blue
light and oxygen. GFP facilitates continuous observations of fungal pathogens in vivo
(Lorang et al. 2001). Mutant forms of the GFP protein have removed disadvantages of
the wild type protein for microscopy studies, including improper folding at high
temperatures, and photobleaching (Cubitt et al. 1995; Lippincott-Schwartz and Patterson
2003). The mutant SGFP protein (serine to threonine substitution at amino acid 65) has
become popular because of the particularly strong fluorescence it confers to filamentous
fungi (Fernandez-Abalos et al. 1998). SGFP produces a "red shift" in excitation, with a
maximum of 488 nm (Lorang et al. 2001). This makes SGFP ideal for confocal or light
microscopy studies of pathogenic fungi in planta.
GFP has been utilized for many host-fungal pathogen interaction studies. Some
common applications of GFP include using strains expressing the protein constitutively
throughout the cytoplasm to examine fungal infection and colonization habits in planta
(Maor et al. 1998; Gold et al. 2001; Lorang et al. 2001; Lee et al. 2002) and studying the
expression of GFP-fusions with various plant and fungal genes during pathogenic
interactions (Lorang et al. 2001; Lippincott-Schwartz and Patterson 2003). Recently,
several reports have used GFP-expressing pathogens to provide new insights into some
very important diseases of trees, including Dutch elm disease and pitch canker (Royer et
al. 1991; Wang et al. 1999; Balint-Kurti et al. 2001; Covert et al. 2001). One of the
greatest advantages of using GFP-expressing pathogens for tree pathology is that the
pathogen can be distinguished from the numerous other epiphytic and endophytic fungi
that are typically present in tree tissues (Chapela 1989; Farr et al. 1989; Carroll 1995; Lee
et al. 2002; Flowers et al. 2003).
Molecular transformation is a process in which foreign DNA is introduced,
replicated, and expressed in a recipient cell. Transformation systems have been
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developed for many prokaryotes and eukaryotes, including filamentous fungi. The most
commonly used methods for transformation of filamentous fungi have been polyethylene
glycol (PEG)-mediated transformation, and ATMT. Other methods, including
electroporation and biolistic bombardment have also been successful, although these
often result in lower transformation efficiencies (Timberlake and Marshall 1989; Gold et
al. 2001; Mullins and Kang 2001). PEG-mediated transformation systems require the
production of fungal protoplasts by removal of the fungal cell walls with a cocktail of
cell-wall degrading enzymes. Production of viable, competent protoplasts has been
considered to be a major obstacle in PEG-mediated protocols, in large part because
different batches of commercially-available cell-wall degrading enzymes tend to be
inconsistent in their performance (Timberlake and Marshall 1989; Gold et al. 2001).
Traditional PEG-mediated transformation techniques also do not seem to work for all
filamentous fungi. Thus, some fungi, including Calonectria morganii (Malonek and
Meinhardt 2001), and Fusarium circinatum (Covert et al. 2001) have only been
successfully transformed with the newer ATMT approach. Other advantages of ATMT
include generally higher transformation efficiencies, and the ability to transform a variety
of fungal tissues other than protoplasts (de Groot 1998; Gold et al. 2001; Mullins and
Kang 2001).
I developed an ATMT protocol for the plant pathogenic fungus Colletotrichum
graminicola, the cause of anthracnose leaf blight and stalk rot of corn. ATMT results in
higher transformation efficiencies than previously available PEG-mediated protocols, and
falcate spores can be used instead of protoplasts. Various experimental parameters were
tested for their effects on transformation efficiencies. The parameters with the greatest
influence were the A. tumefaciens strain used and the Ti-plasmid it carried, the ratio of
bacterium to fungus during co-cultivation, and the length of co-cultivation. Southern
analysis demonstrated that most transformants (80%) contained tandem integrations of
plasmid sequences, and at least 36% had integrations at multiple sites in the genome. In a
majority of cases (70%), the whole Ti-plasmid, and not just the T-DNA, had integrated as
a series of tandem repeats. This surprising result suggests that ATMT may occur by a
different mechanism in fungi than in plants, where only the T-DNA becomes integrated.
Tandem integrations, especially of the whole plasmid, make it difficult to rescue DNA
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from both flanks of the integrations with standard PCR-based approaches. Thus, ATMT
may be unsuitable for insertional mutagenesis of C. graminicola without further
modification.
Colletotrichum graminicola (Ces.) G.W. Wils. (telomorph, Glomerella
graminicola) is the causal agent of anthracnose stalk rot (ASR) and anthracnose leaf
blight (ALB) of corn. Although epidemics were reported in many parts of the world
during the 1950s and 1960s, anthracnose was not considered important in the United
States until the early 1970's, when severe outbreaks of ALB and ASR destroyed many
acres of corn (Warren et al. 1973; Hooker and White 1976). With the elimination of
highly susceptible germplasm, widespread anthracnose epidemics have not recurred.
However, corn breeders and growers must remain vigilant because anthracnose is still
very common, and causes yield losses annually in the United States and worldwide
(Byrnes and Carroll 1986; Anderson and White 1987; Bergstrom and Nicholson 1999).
C. graminicola is a member of an experimentally tractable genus and has been
extensively investigated as a model plant pathogen (Perfect et al. 1999; O'Connell et al.
2004). Most Colletotrichum fungi have an interesting hemibiotrophic habit, in which the
pathogen initially colonizes the host biotrophically before switching to a necrotrophic
phase (Perfect et al. 1999). During infection and colonization, Colletotrichum fungi
produce highly specialized infection structures including appressoria, penetration pegs,
and primary (biotrophic) and secondary (necrotrophic) hyphae (Bergstrom and Nicholson
1999; Perfect et al. 1999). The ability to introduce foreign DNA (transformation) is an
important tool for a model fungus. C. graminicola can be transformed by a PEGmediated strategy, and PEG-mediated transformation has been used to produce targeted
gene disruptions (Vaillancourt and Hanau 1994; Fang et al. 2002) and collections of
restriction-enzyme mediated random insertional mutants (Epstein et al. 1998; Thon et al.
2000).
A. tumefaciens, which causes crown gall disease on many dicotyledonous plants,
has become an essential tool for plant research. In 1998, de Groot et al., established a
protocol for ATMT of filamentous fungi. Whereas only protoplasts can be transformed
using PEG, a major advantage of ATMT is that various fungal tissues, including
protoplasts, conidia, hyphal fragments, and basidiocarp pieces, can be successfully
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transformed (de Groot 1998). ATMT can be used to produce targeted gene disruptions
and random insertional mutations, often at efficiencies significantly higher than those
achieved with PEG-mediated transformation (de Groot 1998; Mullins et al. 2001;
Dobinson et al. 2004).
I have developed an ATMT protocol for C. graminicola. Although ATMT has
been used previously to transform two other Colletotrichum species (C. gloeosporioides
and C. higginsianum) (de Groot 1998; O'Connell et al. 2004), I report for the first time
the effect of specific experimental parameters on transformation efficiency for a member
of this genus. The ATMT protocol described here has important advantages over
previously available PEG-mediated methods for transformation of C. graminicola,
including much higher transformation efficiencies and the ability to use falcate spores
instead of protoplasts. I produced a novel Ti plasmid that confers hygromycin B
resistance and green fluorescent protein (GFP) expression for this work, and a new A.
tumefaciens strain was found to be capable of transforming filamentous fungi. Analysis
of the integration events in a sample of transformants demonstrated that the current
protocol, while satisfactory for most applications, might be less suitable for production of
random insertional mutations due to potential difficulties with rescuing DNA flanking
plasmid integration sites.
Materials and Methods
Fungal cultures and production of spore suspensions: C. graminicola wild-type strain
M1.001 (also known as M2) (Forgey et al. 1978) was grown on potato dextrose agar
(PDA; Difco Laboratories, Detroit, MI) for between 10 and 15 days at 23˚C in continuous
light. Falcate spore suspensions were prepared by adding 1 ml of sterile distilled water to
the culture and gently rubbing the surface with a sterile pestle. The suspensions were
recovered from the plates, filtered through several layers of sterile cheesecloth, washed 3
times in sterile distilled water, and adjusted to a concentration of 1X106 spores per ml for
immediate use in transformation experiments.
Construction of plasmid pJF1: The Sal I/Eco RI fragment from pCT74 (Lorang et al.
2001) containing the sgfp gene under the regulation of the ToxA promoter and the nos31

terminator was ligated into the multiple cloning site of pBHt2 (Mullins et al. 2001),
resulting in pJF1 (FIGURE 2.1). pJF1 was cloned in E. coli strain DH5α and purified
using the Qiagen mini-prep kit (Qiagen Sciences, Maryland). The region between the Tborders was sequenced by primer walking using the Big Dye terminator sequencing kit
(ABI Prism, Warrington, WA).
Fungal transformation: All transformation experiments were done according to the
following protocol unless otherwise noted. A. tumefaciens strain AGL-1 (provided by
Dr. P. Romaine, The Pennsylvania State University), containing either pBin-GFP-hph
(O'Connell et al. 2004), or pJF1, was grown in 5 ml minimal media (MM) (Hooykaas et
al. 1979) supplemented with 50 µg/ml kanamycin 9 with shaking at 250 rpm for 2 days at
28˚C. Two hundred microliters of this culture were transferred to 5 ml of initiation media
(IM) (Bundock et al. 1995) containing 200 µM acetosyringone (AS; Aldrich), and
incubated for 6-7 hours with shaking at 250 rpm at 28˚C until OD660= 0.28-0.35. C.
graminicola spores (100 µl, containing 1X105 spores) were mixed with an equal volume
of the IM Agrobacterium culture and the entire volume was spread onto sterile
nitrocellulose membranes (Whatman, Hillsboro, OR) that were placed on IM cocultivation agar (Mullins et al. 2001) amended with 200 µM AS. Following cocultivation under ambient laboratory conditions for 3 days, the membranes were
transferred to potato dextrose agar selection media supplemented with 200 µg/ml
cefotaxime, 250 µg/ml carbenicillin, and 250 µg/ml hygromycin B. Transformants were
transferred after 5-10 days to PDA supplemented with 250 µg/ml hygromycin B. In all
experiments, C. graminicola spores co-cultivated with uninoculated IM were included as
a negative control.
Analysis of transformant stability: Fifty individual randomly-selected transformants (25
transformed with pJF1, and 25 with pBin-GFP-hph) were single-spored and subcultured 8
times on PDA without hygromycin B before transfer to PDA supplemented with 250
µg/ml hygromycin B. Transformants containing either pBin-GFP-hph or pJF1 were
observed for GFP expression using epifluorescence microscopy. Twenty spores from
each of 3 transformants growing on non-selective medium were collected and germinated
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on PDA. After 1 day of growth, these germlings were transferred to PDA selection
media (250 µg/ml hygromycin B). Germling growth on selective medium and GFP
expression was observed.
DNA extraction and Southern blot analysis: Thirty-three individual, randomly selected
single-spored transformants (25 transformed with pJF1, and 8 with pBin-GFP-hph) were
grown for 6-7 days in potato dextrose broth standing cultures (PDB; Difco Laboratories,
Detroit, MI, USA) at 23˚C under continuous light. Mycelia were collected, frozen, and
lyophilized before genomic DNA was extracted according to the protocol of Thon et al.
(2000). The products that resulted from digestion of 1 µg DNA with BamHI, HindIII,
XmnI, or SmaI were separated by electrophoresis on a 0.8% agarose gel. The DNA was
transferred to a positively charged nylon membrane (Roche Diagnostics Cooperation,
Indianapolis, Indiana) according to the Turboblotter protocol (Schleicher and Schuell,
Germany). Prehybridization, hybridization, and high stringency washes at 65˚C were
performed using the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche
Diagnostics GmbH, Germany). A 544 bp PCR product was amplified from the hph gene
in pCT74 using the following primers: hphFOR (5'-gctgcgccgatggtttctaca-3') and
hphREV (5'-gcgcgtctgctgctccat-3'). The amplified DNA fragment was purified with the
Qiagen PCR purification kit (Qiagen Sciences, Maryland) and labeled with digoxigenin
according to the DIG High Prime DNA Labeling and Detection Starter Kit II protocol for
use as a probe in the Southern experiments.
Calculations of A. tumefaciens culture density: MM cultures of A. tumefaciens strains
C58C1 and AGL-1, containing either pBin-GFP-hph or pJF1, were shaken at 250 rpm for
2 days at 29˚C. One hundred and fifty microliters of this culture were then transferred to
IM supplemented with 200 µM AS and shaken at 250 rpm at 29˚C for 6 h. OD660
readings were taken, and dilutions were spread on Luria-Bertani agar (LB, Difco, Sparks,
MD) supplemented with 50 µg/ml kanamycin. Colonies were counted after the plates
had been incubated for 2 days at 29˚C.
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Results
Effects of experimental parameters on transformation efficiency: As is typical for
transformation protocols, the absolute number of transformants produced with a given set
of parameters varied among experimental replications in this study. Nonetheless, I was
able to conclude that some parameters had a reproducible effect on transformation
efficiencies after observing trends in multiple experiments.
Transformation efficiencies resulting from the use of A. tumefaciens strain C58C1
(provided by Dr. M. Goodin, University of Kentucky) versus AGL-1 were compared.
Regardless of which plasmid it contained, A. tumefaciens strain AGL-1 consistently
produced more C. graminicola transformants than strain C58C1 (TABLE 2.1). The
particular combination of bacterial strain and plasmid was also important, in that A.
tumefaciens strain AGL-1 containing plasmid pBin-GFP-hph consistently gave higher
transformation efficiencies than other combinations, while strain C58C1 containing
plasmid pJF1 consistently gave lower efficiencies. I tested the possibility that this
difference could be related to differences in the culture densities reached by the various
bacterial strains during initial IM cultivation. I found that strain C58C1 transformed with
pBin-GFP-hph produced much higher CFUs per OD unit than the other combinations,
which were all similar to one another (TABLE 2.2). Thus, although there were
differences in culture density, they did not correlate with the variation I saw in
transformation efficiency among strains.
To test the effect on transformation efficiency of the ratio of bacterium to fungus
during co-cultivation, 50, 100, 200, or 300 µl of A. tumefaciens IM culture were cocultivated with 100 µl (1 X 105) of C. graminicola spores. The difference in volume in
each case was made up with uninoculated IM medium. Transformation efficiency was
consistently highest at the highest ratio of 3 times the volume of A. tumefaciens culture to
C. graminicola (FIGURE 2.2).
C. graminicola spores were co-cultivated with A. tumefaciens cells for 2 or 5 days
before transfer to selection media. Transformation efficiency was consistently increased
after a longer co-cultivation (TABLE 2.1).
Transformation efficiencies were compared in experiments in which AS was
omitted from the liquid IM and the IM co-cultivation media. In agreement with most
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previous studies (Gouka et al. 1999; Malonek and Meinhardt 2001), inclusion of AS in
the IM media was essential for transformation of C. graminicola (data not shown).
Other experimental parameters that were tested appeared to have relatively little
effect on transformation efficiency.
Nylon membranes (Roche Chemicals, Mannheim, Germany) were tested as an
alternative to nitrocellulose membranes for co-cultivation. C. graminicola transformants
were recovered from both the nitrocellulose and nylon membranes, and no significant
difference in transformation efficiency was observed (TABLE 2.3).
The standard IM co-cultivation agar recipe contains 5 mM glucose. I tested other
glucose concentrations including 0, 1.25, and 2.5 mM glucose. The concentration of
glucose in the IM co-cultivation agar appeared to have no consistent effect on
transformation efficiency (FIGURE 2.3).
Transformant stability: A total of 50 individual single-spored transformants retained
hygromycin B resistance and GFP expression after subculturing them 8 times on PDA in
the absence of antibiotic selection. Twenty germlings collected from 3 of these
subcultured transformants all grew when transferred onto selection media, and retained
GFP expression. These results demonstrate that the ATMT transformants are mitotically
stable.
Characterization of integration events: To determine the types of integrations that had
occurred, 33 individual single-spored transformants (25 transformed with pJF1 and 8
with pBin-GFP-hph) were analyzed by Southern hybridization (FIGURE 2.4). The pJF1
transformant DNA was digested separately with HindIII and XmnI. Each of these
restriction enzymes cuts once just inside the T-borders, at opposite ends of the T-DNA
(FIGURE 2.1). Lane 2 in Figure 2.4 is an example of a transformant containing multiple
head-to-tail tandem insertions of the T-DNA. A 3.6 Kb band, the same size as the TDNA, is visible in both digestions. Analysis of the pJF1 transformants indicated that 30%
had tandem integrations of the T-DNA. Lane 3 in Figure 2.4 is an example of integration
of Ti-plasmid sequences into multiple sites in the genome. A single 3.6 Kb band is
visible, indicating that at least one integration consists of tandem repeats of the T-DNA,
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and there are three additional bands in the XmnI digest. Two of these could represent
DNA flanking the tandem insertion, but the third must represent an independent insertion
of plasmid sequences. At least 36% of the pJF1 transformants contained insertions at
multiple sites (it is not possible to be more precise because if only one or two faint
additional bands were seen they could be interpreted as either flanking DNA or
independent insertions). Lane 4 in Figure 2.4 is an example of a transformant in which
T-DNA sequences appear to have integrated as a single copy at a single site. Only 16%
of the pJF1 transformants displayed this pattern. Lane 8 in Figure 2.4 is an example of a
transformant in which the entire Ti-plasmid appears to have integrated as a series of
tandem duplications. A 10 Kb band, the same size as the linearized plasmid, is visible in
both digestions. Surprisingly, a large majority (70%) of the pJF1 transformants
exhibited banding patterns like this. Analysis of 8 pBin-GFP-hph transformants
demonstrated that the same types of integrations seen in the pJF1 transformants were also
represented there, including tandem integration of the entire plasmid in five out of eight
transformants (73%) (data not shown). Thus, the type of integration obtained doesn’t
appear to depend on the plasmid used.
Discussion
PEG-mediated protoplast transformation protocols have been published
previously for C. graminicola (Panaccione et al. 1988; Epstein et al. 1998; Thon et al.
2000), but the ATMT protocol I have developed improves upon those methods in two
important ways: first, I can obtain much higher transformation efficiencies than with the
PEG-mediated methods; and second, it is possible to use falcate spores rather than
protoplasts for transformation. This is a significant advantage since protoplasts are
relatively expensive and time-consuming to produce, and the lysing enzymes used for
protoplast production often vary from batch to batch, affecting the reproducibility of the
PEG-mediated protocol.
ATMT of two other Colletotrichum species has been reported previously (de
Groot 1998; O'Connell et al. 2004). In these other reports, the transformation efficiency
was much lower than was achieved for C. graminicola in my study. Thus, only 130
transformants per 106 conidia were reported for C. gleosporioides (de Groot 1998) and
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250 transformants per 106 conidia for C. higginsianum (O'Connell et al. 2004). In
contrast, the transformation efficiency achieved with AGL-1 transformed with pBinGFP-hph, and my standard experimental parameters, ranged from a low of 300 to a high
of 1706 transformants per 105 conidia. When considered on a per spore basis, this
represents up to a 130-fold and a 70-fold increase, respectively, over the previous studies.
A. tumefaciens strain AGL-1 was used successfully to transform C. graminicola.
Other fungal species that have been transformed with this strain include Agaricus
bisporus (Chen et al. 2000), Fusarium oxysporum (Mullins et al. 2001), F. circinatum
(Covert et al. 2001), Hebeloma cylindrosporum (Combier 2003), Helminthosporium
turcicum (Degefu and Hanif 2003), and Verticillium dahliae (Dobinson et al. 2004).
AGL-1 transformation efficiencies for C. graminicola were higher than the reported
efficiencies for these other fungi.
Mine is the first use for fungal transformation of A. tumefaciens C58C1, a strain
that is commonly used for ATMT of plants (Molnar et al. 2002). Strain C58C1 did not
transform C. graminicola as effectively as AGL-1, even though C58C1 had equal or
greater culture density. However, transformation efficiencies achieved with C58C1 in
my study were still higher than those published for other Colletotrichum species.
More transformants were always obtained when pBin-GFP-hph versus pJF1 was
used in the ATMT protocol. Rogers, et al. (2004) also reported that the use of different
binary vectors could result in different transformation efficiencies. I hypothesized that
variation in the titer of the strains carrying the various plasmids might explain this
disparity, and so I calculated the culture density for the various combinations of strain
and plasmid after growth to a standard OD660 in liquid IM. Although there was variation
in the culture density, specifically for the C58C1 strain transformed with the pBin-GFPhph plasmid, there was no obvious correlation between this variation and the
transformation efficiency. In the pBin-GFP-hph plasmid, the hph gene is driven by the
Aspergillus nidulans gpdA promoter, while pJF1 contains the A. nidulans trpC promoter.
It is possible that the gpdA promoter gives a higher level of expression of the hph gene in
C. graminicola. Further evidence in support of this idea is that pJF1 transformants
appeared 1-7 days after pBin-GFP-hph transformants on selection media. Even though
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transformation efficiencies were lower with pJF1 than with pBin-GFP-hph, they were
still comparable to ATMT efficiencies reported for other Colletotrichum species.
In agreement with other reports, more C. graminicola transformants were
obtained when a higher ratio of A. tumefaciens culture to fungal spores was used for cocultivation (Mullins et al. 2001; Rho et al. 2001; Combier 2003; Meyer et al. 2003).
Meyer et al., 2003, found that transformation efficiency began to drop with very high A.
tumefaciens titers, presumably due to nutrient limitations. However, I observed no
decrease in transformation efficiency at the highest bacterial titer I tested, thus it is
possible that further increasing the titer would improve transformation efficiency for C.
graminicola even more.
AS interacts with glucose levels to regulate expression of A. tumefaciens
virulence (vir) genes that aid in Ti-plasmid transfer (Shimoda et al. 1990). The addition
of AS to IM liquid and co-cultivation media has been reported to have variable effects on
transformation efficiencies in fungi. Typically, AS is essential for transformation, but in
at least one case addition of AS appeared to inhibit transformation, and it has been
reported to decrease the number of transformants with integrations at a single site, a
particularly useful class for random mutagenesis applications (Malonek and Meinhardt
2001; Mullins et al. 2001; Combier 2003; Degefu and Hanif 2003; Leclerque et al. 2004).
I found that AS in the IM was essential for successful ATMT of C. graminicola. On the
other hand, I found that glucose levels in the medium appeared to be irrelevant.
Others have reported that more fungal transformants can be obtained with longer
periods of co-cultivation prior to selection (Mullins et al. 2001; Rho et al. 2001; Combier
2003; Meyer et al. 2003; Leclerque et al. 2004; Michielse et al. 2004). In agreement with
these prior studies, C. graminicola transformation efficiency was improved with a 5-day
versus a 2-day co-cultivation period. However, a thick mycelium developed on filters
after 5 days of co-cultivation, and made the observation of transformants more difficult.
A 3-day co-cultivation period was chosen for subsequent experiments. This resulted in
acceptable transformation efficiencies without significant background growth.
Most ATMT reports use nitrocellulose or other cellulose membranes for cocultivation (Bundock et al. 1995; Piers et al. 1996; de Groot 1998; Gouka et al. 1999;
Mullins et al. 2001; Zwiers and De Waard 2001; Zhang et al. 2003; Leclerque et al. 2004;
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O'Connell et al. 2004). ATMT transformation of other fungi has also been successful
using glass microfiber (Combier 2003), cellophane (Loppnau et al. 2004), filter paper
(Covert et al. 2001) and nylon Hybond N-filters (Malonek and Meinhardt 2001). In my
experiments, no difference in transformation efficiency was observed between
nitrocellulose and nylon membranes. Nylon membranes autofluoresced more than the
nitrocellulose membranes under the epifluorescence microscope, making GFP-expressing
transformants more difficult to detect. On the other hand, the nylon membranes were
much easier to handle because they were more flexible and less electrostatic than
nitrocellulose, and thus are a better choice for selection of non-fluorescent transformants.
One popular application of ATMT is to produce a collection of random insertional
mutants that can be screened for a phenotype of interest (Mullins et al. 2001; Rho et al.
2001; Rogers et al. 2004; Li et al. 2005). Ideally, the genomic DNA flanking integrated
plasmid sequences can be rescued by an inverse PCR approach, and rescued portions of a
mutated gene can be rapidly sequenced and identified based on similarity to DNA
databases. The rescued DNA can be used directly to recreate the mutant via targeted
integration. For Agrobacterium-mediated random mutagenesis, it is important that the
majority of transformants contain an integration of the plasmid sequences at only one site
in the genome, and that there be only a single copy of the integrated T-DNA so that both
flanks may be easily rescued. A majority of the C. graminicola transformants analyzed
in my study appeared to have integrations of plasmid DNA at single sites; however most
of these integrations were tandem, head-to-tail insertions of plasmid sequences. It will
not be possible to use inverse PCR to rescue both flanks for this type of integration. Even
more troublesome is the very large number of cases in which the entire plasmid appears
to have integrated as a series of tandem repeats. This observation suggests the possibility
that Agrobacterium-mediated transformation does not occur by the same mechanism in
fungi as it does in plants, where only the T-DNA is transferred into the plant genome. A
similar result was described for A. tumefaciens-mediated transformation of
Saccharomyces cerevisiae (Bundock et al. 1995). In transformants containing the entire
plasmid, it will be difficult or impossible to use T-DNA primers to amplify and rescue
flanking DNA. Because of these potential difficulties, the use of my protocol without
further modifications may prove problematic for insertional mutagenesis. For other
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purposes, however, the ATMT protocol presented here should be highly suitable. For
example, because of its high transformation efficiency, this protocol could be particularly
useful for complementation of mutant phenotypes with clone libraries.
ATMT of C. graminicola falcate conidia is a valuable alternative to PEGmediated transformation of protoplasts for most transformation applications. ATMT is
highly efficient, resulting in large numbers of mitotically stable transformants. Attempts
to optimize parameters for Colletotrichum fungi have not been reported before. In my
experiments, the protocol parameters that had the greatest influence on transformation
efficiency were the A. tumefaciens strain used and the Ti-plasmid it carried, the ratio of
bacterium to fungus, and the length of co-cultivation. I was surprised to find that tandem
integrations of the entire plasmid, and not just the region between the T-borders, were
very common, suggesting that the mechanism of integration may be different in fungi and
plants. Although it is likely that further efforts will be required to optimize the protocol
for production of random insertional mutants, the current protocol should be a useful
addition to the repertoire of molecular tools for this important pathogenic fungus.
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Table 2.1: The effect of different co-cultivation times and of different A. tumefaciens
strains on transformation efficiency. Total pBin-GFP-hph and pJF1 transformants per 105
conidia obtained with 2 and 5 day co-cultivation periods with A. tumefaciens strains
C58C1 and AGL-1. Results from 2 replicate experiments are reported.
Strain
AGL-1
C58C1

Ti-plasmid
pBin-GFP-hph
pBin-GFP-hph

AGL-1
C58C1

pJF1
pJF1

2 day co-cultivation
Experiment 1
Experiment 2
16
89
3
6
1
0

9
0
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5 day co-cultivation
Experiment 1
Experiment 2
280
581
183
286
18
12

126
58

Table 2.2: OD660 reading and colony forming units per ml of A. tumefaciens strains
C58C1 and AGL-1 with Ti-plasmid pBin-GFP-hph and pJF1.
A. tumefaciens strain
C58C1
C58C1
AGL-1
AGL-1

Ti-plasmid
pBin-GFP-hph
pJF1
pBin-GFP-hph
pJF1

OD660 reading
0.333
0.328
0.272
0.262
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CFU/ml (X 108)
4.6
0.8
0.6
0.9

Table 2.3: Number of transformants per 105 conidia obtained on nylon and nitrocellulose
membranes in 3 different transformation experiments

pBin-GFP-hph
Nitrocellulose
Nylon
pJF1
Nitrocellulose
Nylon

1

2

3

166
345

362
392

288
236

15
13

12
15

20
17
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SphI

hph

trp C promoter

NcoI

EcoRI

nos-terminator
PstI
NotI

CaMV35S poly(A)
XmnI

sgfp

T-border (left)

NcoI

SacII

ToxA promoter
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PstI
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Figure 2.1: Map of novel binary vector pJF1. pJF1 was constructed by inserting the Sal
I/Eco RI fragment of pCT74 containing the ToxA promoter, sgfp, and nos-terminator
(Lorang et al. 2001) into the Sal I/EcoRI sites in the multiple cloning site of pBHt2
(Mullins et al. 2001). pBHt2 was constructed on the pCAMBIA1300 backbone
(CAMBIA, Canberra, Australia). ToxA promoter: from a host-selective toxin protein gene
from Pyrenophora tritici-repentis; sgfp: SGFP-TYG gene; nos-terminator; trp C
promoter: derived from Aspergillus nidulans; hph: hygromycin B resistance gene;
CaMV35S poly(A): Cauliflower mosaic virus 35S terminator
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Number of pBin-GFP-hph transformants obtained with
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Figure 2.2: The effect of different amounts of A. tumefaciens IM broth culture cocultivated with C. graminicola spores on transformation number. Total pBin-GFP-hph
transformants per 105 conidia (A) and pJF1 transformants per 105 conidia (B) obtained
with either 50, 100, 200, or 300 µl of A. tumefaciens IM broth culture co-cultivated with
100 µl of C. graminicola falcate spores. Results from 2 replicate experiments are
reported. (OD660 for AGL-1 with pBin-GFP-hph = 0.33 in experiment 1 and 0.35 in
experiment 2; with pJF1 = 0.30 in experiment 1 and 0.31 in experiment 2)
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Number of pBin-GHP-hph transformants obtained when co-cultivated on IM with various
glucose concentrations
900
800

Number of transformants

700
600
500

Experiment 1
Experiment 2

400
300
200
100
0
0 mM

1.25 mM

2.5 mM

5 mM

Glucose concentration

Number of pJF1 transformants obtained with co-cultivation on IM with various glucose
concentrations
40

Number of transformants

35
30
25
Experiment 1
Experiment 2

20
15
10
5
0
0 mM

1.25 mM

2.5 mM

5 mM

Glucose concentrations

Figure 2.3: Number of transformants per 105 conidia obtained when different glucose
concentrations are added to the IM co-cultivation medium. Results of 2 replicate
experiments are reported.
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Figure 2.4: Southern hybridization of C. graminicola pJF1 transformants. Genomic
DNA of pJF1 transformants digested with Hind III and Xmn I was hybridized with a 544
bp DIG-labeled fragment of the hph gene. Lane 1 contains digested pJF1 Ti-plasmid
DNA, and lanes 2-9 contain C. graminicola pJF1 transformant DNA. (Untransformed C.
graminicola does not hybridize with the hph probe, data not shown). A representative
subset of the 25 transformants analyzed is shown in this figure.
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CHAPTER 3
Attempts to Transform Diplodia pinea with the Green Fluorescent Protein
Introduction
The few previous microscopy studies of infection and colonization of host tissue
by D. pinea have been informative (Marks and Minko 1969; Brookhouser and Peterson
1971; Chou 1978). However, many questions remain, especially related to the nature of
latent infections, and how latent D. pinea infections become established and are
maintained. The main goal of the work reported in this chapter of my dissertation was to
produce a GFP-expressing D. pinea transformant that could be used in future studies of
host-pathogen interactions in planta. In order to transfer the gfp gene into the D. pinea
genome, a transformation system had to be developed for this fungus. It should be
emphasized that D. pinea is NOT a model fungus, and virtually no molecular protocols
had been developed for it previously. Botryosphaeria and its associated anamorphs,
including D. pinea, have never been transformed before. However, many other fungi,
including members of the related genus Mycosphaerella, have been successfully
transformed using both polyethylene glycol-mediated (PEG) and Agrobacterium
mediated (ATMT) transformation protocols.
One of the most widely used antibiotics for positive selection of fungal
transformants is hygromycin B (Timberlake and Marshall 1989; Gold et al. 2001).
Hygromycin B, which is produced by the actinomycete Streptomyces hygroscopicus,
inhibits peptide chain elongation in fungi (Gonzales et al. 1978). The bacterial hph gene
encodes a hygromycin B phosphotransferase enzyme that confers resistance to the
antibiotic (Gritz and Davies 1983). The hph gene is so commonly used for fungal
transformation because it generally works so well: there is only one example in the
literature in which transformation (of Pythium aphanidermatum) was not achieved when
hph was used as a selectable marker (Weiland 2003).
Various PEG-mediated and ATMT protocols were tested for their ability to
produce hygromycin-resistant D. pinea transformants. Four different transformation
vectors incorporating the hph gene were utilized. For reasons that are still not entirely
clear, D. pinea turns out to be remarkably difficult to transform: protocols that readily
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transformed the control fungus Colletotrichum graminicola were not successful with D.
pinea. I went on to use more traditional histological techniques, in combination with a
nested PCR detection method I had developed previously, to investigate the nature of
latent infections of Pinus nigra with D. pinea. That method was very successful, so that
the goal of my dissertation research, to learn more about the nature of latent infections
and about how these develop and are maintained, was achieved (see Chapter 4). The
work described below serves as a valuable foundation for future efforts to transform D.
pinea. This is something that will be essential if D. pinea is to become an amenable
genetic system for further investigations of the nature of latency.
Materials and Methods
Hygromycin B sensitivity: The sensitivity of various D. pinea isolates to hygromycin B
was tested on different media. Isolates included were 113-1, 12S, 144-3, 150-2, 70D,
61SB, 21SB, and 103-1, all of which were recovered from Austrian and Scots pines in
Lexington, Kentucky. All of these have been used in previous experiments (Flowers et
al. 2001; Flowers et al. 2003). Hygromycin B concentrations tested were 10, 15, 20, 25,
30, and 35 µg/ml in potato dextrose agar (PDA; Difco, Becton, Dickinson and Company,
MD); 15, 20, 25, 30, 35, 40, 50, and 60 µg/ml in regeneration media (RM; 20% sucrose,
0.3% casein hydro, 0.3% casein acid, 0.6% yeast extract, and 1.5% Bacto agar); and 30,
40, 50, and 60 µg/ml in glucose RM (GRM; 0.6M potassium chloride, 5mM glucose,
0.3% casein hydro, 0.3% casein acid, 0.6% yeast extract, and 1.5% Bacto agar). D. pinea
mycelium plugs removed from the outer edge of a 1-week-old PDA culture with a
Number 2 cork borer were transferred to the periphery of Petri plates containing the
hygromycin B media. Five replicates were included for each study. Radial growth was
measured weekly for 3-5 weeks. The sensitivity of D. pinea protoplasts to hygromycin
was also tested by spreading 1X105 protoplasts prepared from isolate 61SB on RM
amended with hygromycin B concentrations ranging from 2.5-20 µg/ml.
Production of protoplasts of D. pinea: Aerial hyphae were scraped from a single 7 day
old PDA plate of D. pinea, transferred into 100 ml of potato dextrose broth (PDB; Difco,
Becton, Dickinson and Company, MD), and shaken at 200 rpm overnight at 23˚ C. The
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resulting mycelium was macerated in a sterile blender, added to an additional 200 mL
PDB, and shaken at 200 rpm overnight at 23˚ C. The mycelial mat was recovered by
filtering through sterile cheesecloth, and incubated in Glucanex protoplasting solution
(Novo Nordisk, N.C.; 1 gram in 10 mL 0.7 M sodium chloride, filter sterilized) at 30˚ C
for at least 2.5 hours with gentle shaking. Protoplasts were separated from the mycelial
slurry by filtering through a sterile nylon membrane, and then were recovered by
centrifuging the filtrate at 4˚ C for 5 minutes at 2500 rpm in the Beckman GS-6R tabletop
centrifuge. The supernatant was removed and replaced with 10 mL cold STC medium
(1.2 M sorbitol, 10 mM Tris-HCl, and 50 mM calcium chloride, pH 7.5). The protoplast
concentration was determined with a hemacytometer, and adjusted to 1X108
protoplasts/ml.
PEG-mediated transformation: D. pinea protoplasts were used in various PEG-mediated
transformation protocols that had been successfully applied to Colletotrichum
graminicola (Thon et al. 2000), Ophiostoma species (Royer et al. 1991; Wang et al.
1999), and Mycosphaerella species (Balint-Kurti et al. 2001; Rohel et al. 2001). Each
experiment consisted of at least 3 replications, and each experiment was performed at
least twice (TABLE 3.1). Protoplasts (100 µl, 1X107 protoplast) recovered from D. pinea
isolate 61SB were used for all experiments. Control plates that did not contain
hygromycin B were included in each experiment to test protoplast viability. Negative
controls in which plasmid DNA was not added to the protoplasts were also included in
each experiment.
The first PEG-mediated protocol I tested was the one that is routinely used in my
laboratory to transform C. graminicola protoplasts (Thon et al. 2000). D. pinea
protoplasts were incubated on ice for 20 minutes with 3 µg of pCB1636 (Thon et al.
2000), or pCT74 (Lorang et al. 2001). Both were tested both as uncut plasmid and after
linearizing with a restriction enzyme. The plasmid pCB1636, which contains the hph
gene but not gfp, was used for my earliest experiments. Later I obtained pCT74, which
contains both the hph and the gfp genes, and at that point I began using it for all of my
experiments. One ml of 60% PEG 3350 (weight/volume), mixed 2:1 with 3X KTC
solution (1.8 M potassium chloride, 150 mM Tris-HCl, 150 mM calcium chloride; pH 8)
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was added drop by drop to the protoplast/plasmid combination, and then the mixture was
incubated at room temperature for 20 minutes. Forty milliliters of molten RM at 48˚ C,
augmented with 20 µg/ml hygromycin B, was added to the suspension, which was then
mixed gently, and immediately divided into 2 Petri plates. The plates were allowed to
solidify, then incubated on the laboratory bench for at least 3 weeks. A variation of this
protocol included the addition of 2% ß-mercaptoethanol to the protoplast/plasmid
solution before addition of the PEG.
The PEG-mediated transformation system used to transform Ophiostoma ulmi
was tried (Royer et al. 1991; Wang et al. 1999). Linearized pCB1636 and pCT74 (3 µg),
1% ß-mercaptoethanol, and 50 µl of 66% PEG 4000 in 50 mM calcium chloride: 25 mM
Tris-HCl, pH 7.5 was added 100 µl of the protoplast solution containing 1X107
protoplasts. After a 20-minute incubation at room temperature, an additional 2.5 mL of
the PEG solution was added and gently mixed in. The solution was incubated for a
further 20 minutes at room temperature, and then diluted with 5 ml of STC. The
suspension was centrifuged at 3000 rpm for 20 minutes at 4˚ C. The resulting pellet was
resuspended in 1 ml of liquid RM and incubated for 4 hours at room temperature. The
entire volume was then spread over RM agar medium containing 20 µg/ml hygromycin
B. The plates were incubated at room temperature under continuous light for at least 3
weeks.
D. pinea protoplasts were used in a PEG-mediated protocol described for
Mycosphaerella spp. from banana (Balint-Kurti et al. 2001). Between 10 and 20 µg of
linearized pCB1636 or pCT74 in 24 µl of sterile distilled water were added to 100 µl (1X
107) of D. pinea protoplasts. After a 10-minute incubation on ice, 1 ml of 40% PEG 4000
in 10 mM calcium chloride:10 mM Tris-HCl, pH7.5 was added drop by drop. The
suspension was gently mixed and incubated on ice for 20 minutes. Twenty milliliters of
molten RM (48˚ C) were added, and the resulting suspension was poured into Petri plates.
After incubation at room temperature for 18 hours, 10 ml of RM containing hygromycin
B (60 µg/ml) was added to produce a final concentration 20 µg/ml in the plate. The plates
were incubated at room temperature under continuous light for at least 3 weeks.
Another Mycosphaerella protocol, this one for M. graminicola, was also tested
(Rohel et al. 2001). The D. pinea protoplast suspension (100 µl) was pelleted at 2500
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rpm at 4˚ C for 5 minutes, and resuspended in 1 ml of KTC solution (1 M potassium
chloride, 100 mM calcium chloride, and 10 mM Tris-HCl, pH 7.5). Linearized pCT74
(2.5 or 5 µg) and 0.3 mg/ml of heparin were added, and the solution was incubated on ice
for 20 minutes. A 66% PEG 3500 solution in 25 mM calcium chloride: 25 mM Tris-HCl,
pH 7.5 was added as a series of increasing volumes (50, 150, and 300 µl; 500 ml total).
After an 20 minute incubation at room temperature, the protoplast suspension was added
to 5 ml of molten 0.7% agarose/PDB containing 1M sorbitol, and poured over a base of
15 ml PDA containing 1M sorbitol. The plates were incubated for 24 hours at room
temperature under continuous light, at which time 1 ml hygromycin B (400 µg/ml) was
spread over the top of the plate to produce a final concentration of 20 µg/ml. The plates
were incubated at room temperature under continuous light for at least 3 weeks. A
variation of this protocol using 66% PEG 4000 in 50 mM calcium chloride:25 mM TrisHCl, pH 7.5 was also tested.
D. pinea spore suspensions: One advantage of ATMT over PEG-mediated transformation
is that it can be done with conidia instead of protoplasts. Initially, however, it was
difficult for me to obtain large numbers of D. pinea conidia to use in ATMT experiments.
Pycnidia are produced only on dead pine tissues. Moreover, conidia are spontaneously
released only from mature pycnidia, but pycnidia do not mature synchronously, so only a
few are releasing conidia at any one time. I developed the following protocol to produce
adequate numbers of D. pinea conidia for ATMT.
A thin layer of autoclaved Austrian pine needles was placed on 100 ml of water
agar (Bacto agar) in a 1 L glass flask. The flask was inoculated with five mycelial plugs
from a PDA culture that was less than 14 days old. The flask was then incubated on the
laboratory bench for 2 weeks. Pycnidia were scraped from the needles with a scalpel and
transferred into a 1.5 ml microcentrifuge tube containing 1.2 ml sterile milli-Q water.
The tube and its contents were incubated on the laboratory bench for at least 1 hour to
allow the pycnidia to release conidia. The tube was then vortexed, and its contents were
filtered through sterile cheesecloth into a clean 1.5 ml centrifuge tube. The conidial
concentration was determined with a hemacytometer, and adjusted to 1X106 conidia per
milliliter. Conidia were used immediately for ATMT experiments.
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A. tumefaciens-mediated transformations: The standard ATMT protocol that I used is
illustrated in FIGURE 3.1, and described below (de Groot 1998). Various experimental
parameters were altered as I attempted to transform D. pinea (TABLE 3.2). These
included the A. tumefaciens strain used and the Ti-plasmid it carried, addition or omission
of acetosyringone (AS), D. pinea isolate and type of tissue (protoplasts or spores), cocultivation medium (RM or IM), bacterium to fungus ratio, incubation time, and type of
filters used (nylon or nitrocellulose). Each of the parameters I chose to vary had been
reported in the literature to affect transformation efficiency in fungi (reviewed in
(Michielse et al. 2005). All of these experiments are described in more detail in Chapter
2.
A. tumefaciens strains AGL-1 (provided by Pete Romaine, The Pennsylvania
State University) or C58C1 (provided by Michael Goodin, University of Kentucky),
containing the plasmids pBM2-2 (Mullins et al. 2001), pBin-GFP-hph (O'Connell et al.
2004), or pJF1 (Appendix 1), were cultured on Luria-Bertani agar (LB; Difco, Becton,
Dickinson and Company, MD) amended with 50 µg/ml kanamycin for 2 days at 28˚ C.
A single colony was transferred to 5 ml minimal media (MM) (Hooykaas et al. 1979)
supplemented with 50 µg/ml kanamycin, and shaken at 250 rpm for 2 days at 28˚C. Two
hundred microliters of this culture were transferred to 5 ml initiation media (IM)
(Bundock et al. 1995) containing 200 µM AS (Aldrich) for vir gene induction, and
shaken at 250 rpm for 6-7 hours at 28˚C, until OD660= 0.25-0.35. D. pinea protoplasts or
spores (100 µl, containing either 1X105 protoplasts or 1 X 105 spores) from isolates 21SB
or 61SB were co-cultivated with IM Agrobacterium culture (100-300 µl) and spread onto
sterile nitrocellulose (Whatman, Hillsboro, OR) or nylon (Roche Diagnostics
Cooperation, Indianapolis, Indiana) membrane pieces. These were placed on cocultivation medium amended with 200 µM AS. Following co-cultivation on the
laboratory bench for between 2 and 5 days, the membranes were transferred to PDA
selection media supplemented with 200 µg/ml cefotaxime, 250 µg/ml carbenicillin, and
80-200 µg/ml hygromycin B. Putative transformants were transferred after 5-10 days to
PDA supplemented with 150 µg/ml hygromycin B. In all experiments, D. pinea co-
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cultivated with uninoculated IM was included as a negative control, and C. graminicola
spores were included as a positive control (see chapter 2).
Results
Hygromycin B sensitivity: The sensitivity of D. pinea to hygromycin B depended on the
fungal isolate and the medium used (FIGURE 3.2 and 3.3). All D. pinea isolates tested
were more sensitive to hygromycin B on PDA than they were on RM or GRM. All
isolates grew across to the opposite side of plates containing the nonselective media
within 1.5 weeks. Reduced growth was observed for all isolates on PDA, GRM, and RM
at hygromycin B concentrations above 10 µg/ml or 20 µg/ml, respectively. Mycelial
growth was incrementally reduced as the hygromycin B concentration increased. There
was a lot of variation among replicates for some isolates, which resulted in large standard
deviations for some of the means. Isolate 61SB was consistently the most sensitive to
hygromycin B. Isolates 21SB, 150-2, 113-1, and 103-1 were usually the most tolerant.
Oddly, 70D was one of the most sensitive isolates, except on PDA amended with 35
µg/mL hygromycin B, when it was the least sensitive of all the isolates. Another anomaly
was an increase, rather than a decrease, in the growth rate of isolate 12S as the antibiotic
was increased from 20 to 35 µg/mL (FIGURE 3.2). Sectoring was often observed on
GRM plates containing hygromycin.
D. pinea protoplasts were much less tolerant than mycelium to hygromycin B.
Protoplasts were sensitive to as little as 10 µg/mL hygromycin B in RM (FIGURE 3.4).
A final concentration of 20 µg/mL hygromycin B in RM was chosen for my initial PEGmediated and A. tumefaciens-mediated transformation protocols using protoplasts. In my
later experiments, I began using isolate 21SB, which was more tolerant to hygromycin B
than isolate 61SB, but which did not grow on PDA or RM amended with 80 µg/ml and
100 µg/ml respectively. Because of problems with background growth, hygromycin B
concentrations up to 200 µg/ml were used in some of these ATMT experiments.
D. pinea protoplast production: Viable D. pinea protoplasts were obtained with this
protocol (FIGURE 3.5). Typically, 0.5-1.0 X109 protoplast were obtained. A lawn of
growth was visible within a 24-hour incubation period at 23˚ C under continuous light in
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RM at various protoplast dilutions, including the lowest dilution tested (4 X104 protoplast
per 40 mL RM). Fresh protoplasts were used for the transformation experiments, with
exception of early ATMT experiments when protoplasts less than 1 week old stored at 4˚
C were used. Since it is a general "rule of thumb" that fresh protoplasts transform at
higher efficiencies, protoplasts were produced immediately before the transformation
experiments reported in this chapter.
PEG-mediated transformations: No D. pinea transformants were ever obtained with any
of the PEG-mediated protocols tested. I did investigate a few putative GFP transformants
that were obtained using the Ophiostoma and Mycosphaerella protocols and linearized
pCT74. These “transformants” were always found at the edge of the selection plates.
However, similar numbers of “transformants” were also observed on negative control
plates. It was a bit confusing at first, because the mycelium of these “transformants”
exhibited a green fluorescence of the aerial hyphae (FIGURE 3.6). However, further
examination quickly revealed that wild type D. pinea also fluoresces this way. It should
be noted that this fluorescence is quite different from that conferred by the gfp gene: it is
found only on the aerial mycelium, and is apparently due to a mucilaginous sheath on the
hyphae because it can be scraped away with forceps. Thus, use of GFP should still be a
viable approach for labeling of D. pinea. Subsequent subculture of the putative
transformants yielded no growth on RM amended with 20 µg/mL hygromycin B, proving
that these were “false positives”.
A. tumefaciens-mediated transformations: No D. pinea transformants were ever obtained
using any variation of the ATMT protocol. I always tested Colletotrichum graminicola
falcate spores in parallel experiments as controls for the experimental conditions. C.
graminicola transformants were obtained in all experiments, except when RM was used
as co-cultivation medium, or when AS was not added to the IM and co-cultivation
medium (see Chapter 2).
It became necessary for me to increase the hygromycin B concentration used for
selection in order to eliminate background D. pinea growth in the ATMT protocol. Even
though 100 µg/ml was enough to prevent growth of D. pinea mycelium on RM, selection
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during ATMT at that concentration resulted in hyphae that grew into the medium and
even up onto the plate lid (FIGURE 3.7). I sampled some of these hyphae from the
selection medium to see if they might be transformants. These putative transformants
initially varied in hygromycin B sensitivity, but they all became sensitive to the antibiotic
upon further subculturing. The hyphae of these putative transformants exhibited strange
growth on the selection plates (FIGURE 3.8). Darkly pigmented globose structures were
observed, and some hyphal tips appeared to have burst, releasing their contents. Hyphae
were observed growing in a spiraling pattern, and grouped together in parallel bundles.
Southern hybridizations of genomic DNA from several putative transformants revealed
that none contained the hph gene. Once hygromycin concentrations were increased to
200 µg/ml, this background growth disappeared.
Discussion
The primary goal of work described in this chapter was to obtain a GFPexpressing D. pinea isolate for future studies of host/pathogen interactions in the tip
blight disease. GFP-expressing isolates of other tree pathogens, such as Ophiostoma spp.,
Mycosphaerella spp., and Fusarium circinatum, have been used for such studies with
great success (Royer et al. 1991; Wang et al. 1999; Balint-Kurti et al. 2001; Covert et al.
2001).
The main obstacle in obtaining a GFP-expressing pathogen isolate is the need for
a transformation system in which the gfp gene can be integrated into the fungal genome.
To my great disappointment, and despite extensive effort, D. pinea transformants were
never obtained using either the PEG-mediated or ATMT protocols. It is hard to know
how many researchers attempting to transform other filamentous fungi have been
unsuccessful, since negative results are so rarely published. Rolland et al. (2003)
reported that Sclerotinia sclerotiorum could not be transformed using various
permutations of an ATMT protocol. Unsuccessful attempts to produce stable Aspergillis
niger and A. oryzae transformants with ATMT were finally reported in a review article
(Michielse et al. 2005). High background growth during selection was presented as a
reason that A. niger transformation was hampered, and this could also be one problem
with my D. pinea transformations. Maybe ATMT is not a "silver bullet" for
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transformation of fungi after all, since some fungal species, including D. pinea, do not
appear to be easily transformable by this method (Dunn-Coleman and Wang 1998;
Rolland et al. 2003; Michielse et al. 2005). The PEG-mediated transformation protocols
that I used had successfully transformed other fungi. My protoplasts were viable,
demonstrated by growth on the positive control plates. I am confident of my ATMT
protocols because the positive control, C. graminicola, was transformed readily. Thus,
the problem seems to be specific to D. pinea.
Several PEG-mediated protocols were tested for their ability to transform D.
pinea protoplasts. Protocols for Mycosphaerella were tried because this is the closest
relative to D. pinea that has been transformed. The procedure for C. graminicola was
used because it is routine in our laboratory. Ophiostoma is another tree pathogen that is
not a model system, and so the transformation protocol for it was also attempted.
Parameters that varied among the different PEG-mediated transformation protocols
needed to be optimized for D. pinea (Fincham 1989; Gold et al. 2001). The PEG is
essential for transformation: it causes the protoplasts to clump which is thought to trap
the DNA among the protoplasts so that they have an increased opportunity to take it up
(Fincham 1989; Timberlake and Marshall 1989). However, PEG is also toxic, so the type
of PEG used can make a big difference in the protocol. The molecular weights and
percentages of PEG were varied in the protocols to determine the best PEG solution for
D. pinea transformation. Heparin and ß-mercaptoethanol are sometimes added to
protoplasts before addition of the PEG solution. Heparin is an anticoagulant that
increases the transformation efficiency in some fungi (Vollmer and Yanofsky 1986;
Fincham 1989). The addition of heparin prevents protoplast precipitation because it limits
fusion of multiple protoplasts. This has the effect of increasing the number of potential
transformants. ß-mercaptoethanol is an efficient antioxidant and chelater that also
improves transformation efficiency in some cases. ß-mercaptoethanol might protect the
DNA from degradation, or it could prevent damage caused by oxidation of cellular
components if oxygen is introduced into the cytoplasm during protoplast fusion. The
conformation (linear vs. circular) and quantity of the vector DNA also affect
transformation efficiency. Transformation efficiencies are usually increased when
linearized plasmids are used, and, up to a point, when more vector DNA is added
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(Fincham 1989; Gold et al. 2001). The quantity of linearized plasmid used in these
experiments should have been sufficient, since the same quantity had been used for
transforming other fungal species (Fincham 1989; Thon et al. 2000; Gold et al. 2001).
Addition of too much DNA causes it to precipitate out of the solution, and does not
increase transformation efficiencies any further.
Despite my efforts, no D. pinea transformants were obtained with any of the
PEG-mediated transformation protocols. Although I could have continued to try other
permutations, the ATMT approach was becoming more popular for transformation of
fungi, and in particular it was being touted as a solution for species that are recalcitrant to
PEG-mediated transformation (de Groot 1998; Covert et al. 2001). Thus, I switched my
attention to trying to optimize an ATMT transformation strategy for D. pinea and
abandoned further efforts to develop a PEG-mediated method.
One major source of variation in PEG-mediated transformation protocols is the
production of protoplasts. The wall-degrading enzymes that are used for this process are
very impure and tend to vary from batch to batch. The batch of enzymes used can cause
significant changes in the transformation efficiencies that are achieved with the same
protocol. Thus, it is best to avoid use of protoplasts if at all possible. The ATMT
protocol can be done with conidia, but the problem I had initially was in obtaining
enough D. pinea conidia, and so I had to use protoplasts for the first few ATMT
experiments. ATMT protocols for transformation of fungal protoplasts had been reported
before (Michielse et al. 2005). However, no transformants of D. pinea were obtained.
Although I could see some background fungal growth on the IM co-cultivation plates, I
was concerned that the survival rate of the fragile protoplasts was being reduced on this
medium because it was not osmotically stabilized. Thus, I tested RM augmented with
acetosyringone as an alternative co-cultivation medium. However, co-cultivation on RM
resulted in no C. graminicola transformants. Once a method was developed to produce
highly concentrated spore suspensions, conidia were used for all subsequent ATMT
experiments.
Various parameters of the basic ATMT protocol were altered in my attempts to
achieve D. pinea transformation. Chapter 2 describes some of these experiments in more
detail. Some A. tumefaciens strains are known to be more efficient for transforming
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filamentous fungi than others (Piers et al. 1996; Park and Kim 2004). AGL-1 in
particular has been demonstrated to be very good and it is the most commonly used strain
for transformation of fungi (Chen et al. 2000; Covert et al. 2001; Mullins et al. 2001;
Combier 2003; Degefu and Hanif 2003; Dobinson et al. 2004; Park and Kim 2004).
Because I didn’t have access to this strain right away, I started my experiements with
C58C1, which I obtained from Dr. Goodin’s lab. Strain C58C1 had never been used for
fungal transformation but it is commonly utilized for transforming plants. Once I
obtained the AGL-1 strain, I compared the performance of the two in my experiments,
and concluded that, indeed, the AGL-1 strain was superior, based on transformation of C.
graminicola (see chapter 2). However, neither strain was able to transform D. pinea.
The Ti-plasmid the A. tumefaciens strain carries has been shown to have an
impact on transformation efficiency (Rogers et al. 2004). I tested two different plasmids
that contained the gfp gene, pBin-GFP-hph and pJF1. The plasmid pBM2-2 was used in
the initial ATMT experiments because pJF1 was still under construction, and pBin-GFPhph was not yet available. My results supported the idea that the plasmid has a strong
effect on transformation efficiency. The pBin-GFP-hph plasmid always produced more
transformants of C. graminicola than the pJF1 plasmid did. Both plasmids contain strong
constitutive fungal promoters in front of the hph gene. The promoter in pBin-GFP-hph
was the Aspergillus nidulans gpdA promoter. The hph gene promoter in pJF1 was the A.
nidulans trpC promoter. Both of these promoters have been used for transformation of
numerous genera of filamentous fungi (Gold et al. 2001; Mullins et al. 2001; O'Connell et
al. 2004). The basidiomycete Agaricus bisporus was only transformed when native
promoters were used (Chen et al. 2000; Mikosch et al. 2001; Degefu and Hanif 2003).
Perhaps D. pinea did not recognize these promoters, and native D. pinea promoters will
be necessary for successful transformation.
In several reports, different isolates of the same fungal species varied in their
transformability (Covert et al. 2001; Fitzgerald et al. 2003). I began my experiments with
D. pinea isolate 61SB, which was highly sensitive to hygromycin B. Later I added
isolate 21SB, which was more tolerant to the antibiotic. Neither isolate could be
transformed, however. In some reports, use of older conidia resulted in lower
transformation efficiencies (Michielse et al. 2005). Since D. pinea pycnidia contain
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conidia of all ages, the spore suspensions used contained a mixture of young and old
spores, and spore quality could have been an issue.
A. tumefaciens injects its T-DNA into the fungal cell during the co-cultivation
period. The ratio of bacterium to fungal cell is very important: too few bacteria or too
much fungus would be expected to result in lower transformation efficiencies. Indeed,
adding more A. tumefaciens culture to a given quantity of fungal spores or protoplasts
does generally result in higher transformation efficiencies (Mullins et al. 2001; Rho et al.
2001; Combier 2003; Meyer et al. 2003). Furthermore, each fungal species has an
optimum co-cultivation time and temperature for maximum transformation efficiency,
which presumably also relates to the ratio of fungal to bacterial biomass (Mullins et al.
2001; Rho et al. 2001; Combier 2003; Meyer et al. 2003; Gardiner and Howlett 2004;
Michielse et al. 2004a). One unusual feature of D. pinea is that it grows extremely fast,
and so I became concerned that it might be outgrowing the bacterium. I tried various
ways of increasing the ratio of bacteria to fungus. Tripling the amount of A. tumefaciens
culture during co-cultivation did not result in D. pinea transformants, although it did
increase transformation efficiency for C. graminicola (see chapter 2). Some reports have
suggested that increasing the co-cultivation time to 5 days can increase transformation
efficiency (Mullins et al. 2001; Rho et al. 2001; Combier 2003; Meyer et al. 2003;
Leclerque et al. 2004; Michielse et al. 2004b). However, I found that the fungus grew so
fast that if it was cultivated for more than 3 days it created a thick mycelial mat that made
it difficult to see any transformants once the colonized membrane pieces were transferred
to the selection plates. In a further attempt to reduce the growth rate of D. pinea, lower
concentrations of glucose in the IM co-cultivation medium were tested. However, D.
pinea still grew fast and thick, even when glucose was omitted from the medium.
I tested nylon membranes as an alternative to nitrocellulose for co-cultivation
because I observed that D. pinea grew on nitrocellulose membranes on selection plates
containing a normally inhibitory concentration of hygromycin B. Since D. pinea is a
pathogen of woody tissues, it occurred to me that the fungus might be able to use the
nitrocellulose as a food source and thereby escape the hygromycin. Nylon membranes
were tested in an effort to reduce fungal growth during co-cultivation and reduce non-
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transformed background growth during selection. However, there was no difference in
D. pinea growth on the two membranes, and no transformants were obtained with either.
In retrospect, I think the major reason for my failure to obtain D. pinea
transformants might have been the hygromycin B selection, which remained the one
constant throughout my experiments. The vastly different sensitivities of various D.
pinea isolates to hygromycin B were surprising. There was also a lot of variation in
sensitivity of individual isolates from experiment to experiment. Sectoring occurred
frequently, suggesting that D. pinea may be able to adapt to the antibiotic under some
conditions. It was unexpected, and puzzling, that hygromycin B concentrations that were
high enough to repress hyphal growth were not sufficient to prevent background growth
during ATMT transformation experiments. The hph gene has been successfully used for
transformation of many fungal species and this was the reason that it was chosen for my
D. pinea experiments. However, Pythium aphanidermatum was never transformed when
hph was used as a selectable marker (Weiland 2003). Other selectable markers, such as
the genes conferring resistance to phleomycin and geneticin, may be more successful for
D. pinea transformation, and should be tested in the future.
A transformation system for D. pinea will be essential if it is to become a
tractable genetic model in the future. Transformation would not only be useful for
production of tagged strains for microscopy in planta. Transformation is also essential
for the production of gene disruptions, a prerequisite for any understanding of the role of
putative pathogenicity genes (Timberlake and Marshall 1989; Gold et al. 2001; Lorang et
al. 2001; Mullins and Kang 2001). D. pinea turned out to be surprisingly (and
frustratingly!) difficult to transform. ATMT has been touted as the "silver bullet" for
fungal transformation (Dunn-Coleman and Wang 1998). However, because negative
results are rarely published, the number of filamentous fungi for which transformation
has been tried and failed is unknown. Although transformants of D. pinea were not
obtained, positive results were achieved from this work. An ATMT protocol for C.
graminicola was created, and a procedure for making large numbers of D. pinea spores
was developed. I learned a great deal about fungal transformation, and I expect that my
research will lead to the development of a D. pinea transformation system in the future.
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Plasmid

PEG
%
¥

PEG MW
†

Additional
Chemicals

Selection

Reference

1

Times
repeated/
Total
replications
*
2/7

pCB1636

60

3350

none

Hyg B added directly to molten RM

2

3/9

pCB1636

66

4000

3

2/6

pCB1636

60

3350

Molten RM with protoplasts and plasmid
overlaid on RM with Hyg B selection
Hyg B added directly to molten RM

4

1/6

pCB1636

40

4000

ßmercaptoethanol
ßmercaptoethanol
none

(Thon et al.
2000)
(Royer et al.
1991)

5

1/3

pCT74

66

4000

6

1/5

pCT74

40

4000

ßmercaptoethanol
none

7

4/10

pCT74

66

3500

heparin

8

2/6

pCT74

66

4000

heparin

RM with hyg B selection overlay on 18
hour culture of RM with protoplasts
Molten RM with protoplasts and plasmid
overlaid on RM with Hyg B selection
RM with hyg B selection overlay on 18
hour culture of RM with protoplasts
Hyg B spread over 24 hour culture of
PDA plus 1 M sorbitol and protoplasts
Hyg B spread over 24 hour culture of
PDA plus 1 M sorbitol and protoplasts

* number of times the experiment was repeated/ total number of replicates
¥ percentage of PEG used in each experiment
† molecular weight of the PEG used in each experiment

(Balint-Kurti
et al. 2001)
(Royer et al.
1991)
(Balint-Kurti
et al. 2001)
(Rohel et al.
2001)

Table 3.1: Different protocol parameters tested for PEG-mediated transformation of
D. pinea.

Exp.

A. tumefaciens

D. pinea

Strain

Ti plasmid

AS?
*

Isolate

Spores/
protoplasts
^

1

AGL-1

pBM2-2

+

61SB

2

AGL-1

pBM2-2

+

3

AGL-1

pJF1

4

AGL-1

5
6

Co-cultivation
Length
(days)

Medium
(IM or
RM) ~

[glu]
mM
«

Filters
†

[Hyg
B]
µg/mL

protoplast

Volume
ratio
(bacterium:
spore)
1:1

2

IM

5

cell

20

61SB

protoplast

1:1

2

RM

N/A

cell

20

+

61SB

protoplast

1:1

2

RM

N/A

cell

80

pBin-GFP-hph

+

61SB

protoplast

1:1

2

RM

N/A

cell

80

AGL-1
AGL-1

pJF1
pBin-GFP-hph

+
+

61SB
61SB

protoplast
protoplast

2:1
2:1

2
2

RM
RM

N/A
N/A

cell
cell

80
80

7

AGL-1

pJF1

+

61SB

protoplast

1:1

2

IM

5

cell

80

8

AGL-1

pBin-GFP-hph

+

61SB

protoplast

1:1

2

IM

5

cell

80

9

AGL-1

pJF1

+

61SB

protoplast

1:1

5

IM

5

cell

80

10

AGL-1

pBin-GFP-hph

+

61SB

protoplast

1:1

5

IM

5

cell

80

11

AGL-1

pJF1

+

61SB

spore

1:1

2

IM

5

cell

80

12

AGL-1

pBin-GFP-hph

+

61SB

spore

1:1

2

IM

5

cell

80

13

AGL-1

pJF1

+

61SB

spore

1:1

5

IM

5

cell

80

14

AGL-1

pBin-GFP-hph

+

61SB

spore

1:1

5

IM

5

cell

80

15

AGL-1

pJF1

+

21SB

protoplast

1:1

3

IM

5

cell

80

16

AGL-1

pBin-GFP-hph

+

21SB

protoplast

1:1

3

IM

5

cell

80

17

AGL-1

pJF1

-

21SB

protoplast

1:1

3

IM

5

cell

80

18

AGL-1

pBin-GFP-hph

-

21SB

protoplast

1:1

3

IM

5

cell

80

19

AGL-1

pJF1

-

21SB

protoplast

1:1

3

RM

N/A

cell

80

Table 3.2: A. tumefaciens-mediated transformation experiments performed in attempt
to transform D. pinea. Experiment 1 and 2 was repeated 4 times; experiments 7-10,

Exp.

AGL-1

pBin-GFP-hph

-

21SB

protoplast

1:1

3

RM

N/A

cell

80

21

AGL-1

pJF1

+

21SB

protoplast

1:1

3

RM

N/A

cell

80

22

AGL-1

pBin-GFP-hph

+

21SB

protoplast

1:1

3

RM

N/A

cell

80

23

AGL-1

pJF1

+

21SB

protoplast

1:1

3

RM

N/A

cell

100

24

AGL-1

pBin-GFP-hph

+

21SB

protoplast

1:1

3

RM

N/A

cell

100

25

AGL-1

pJF1

+

21SB

protoplast

1:1

3

RM

N/A

cell

150

26

AGL-1

pBin-GFP-hph

+

21SB

protoplast

1:1

3

RM

N/A

cell

150

27

AGL-1

pJF1

+

21SB

protoplast

1:1

3

RM

N/A

nylon

100

28

AGL-1

pBin-GFP-hph

+

21SB

protoplast

1:1

3

RM

N/A

nylon

100

29

AGL-1

pJF1

+

61SB

protoplast

2:1

3

RM

N/A

cell

150

30

AGL-1

pBin-GFP-hph

+

61SB

protoplast

2:1

3

RM

N/A

cell

150

31

AGL-1

pJF1

+

61SB

protoplast

2:1

3

RM

N/A

nylon

150

32

AGL-1

pBin-GFP-hph

+

61SB

protoplast

2:1

3

RM

N/A

nylon

150

33

AGL-1

pJF1

+

61SB

protoplast

3:1

3

RM

N/A

nylon

150

34

AGL-1

pBin-GFP-hph

+

61SB

protoplast

3:1

3

RM

N/A

nylon

150

35

AGL-1

pJF1

+

21SB

spore

1:1

3

IM

5

nylon

150

36

AGL-1

pBin-GFP-hph

+

21SB

spore

1:1

3

IM

5

nylon

150

37

AGL-1

pJF1

+

21SB

spore

1:1

3

IM

2.5

nylon

150

38

AGL-1

pBin-GFP-hph

+

21SB

spore

1:1

3

IM

2.5

nylon

150

39

AGL-1

pJF1

+

21SB

spore

2:1

3

IM

5

nylon

150

40

AGL-1

pBin-GFP-hph

+

21SB

spore

2:1

3

IM

5

nylon

150

41

AGL-1

pJF1

+

21SB

spore

1:1

5

IM

2.5

nylon

200

42

AGL-1

pBin-GFP-hph

+

21SB

spore

1:1

5

IM

2.5

nylon

200

43

AGL-1

pJF1

+

21SB

spore

1:1

3

IM

1.25

nylon

200

Table 3.2: continued
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20

AGL-1

pBin-GFP-hph

+

21SB

spore

1:1

3

IM

1.25

nylon

200

45

AGL-1

pJF1

+

21SB

spore

1:1

5

IM

1.25

nylon

200

46

AGL-1

pBin-GFP-hph

+

21SB

spore

1:1

5

IM

1.25

nylon

200

47

AGL-1

pJF1

+

21SB

spore

1:1

3

IM

0

nylon

200

48

AGL-1

pBin-GFP-hph

+

21SB

spore

1:1

3

IM

0

nylon

200

49

AGL-1

pJF1

+

21SB

spore

1:1

5

IM

0

nylon

200

50

AGL-1

pBin-GFP-hph

+

21SB

spore

1:1

5

IM

0

nylon

200

51

AGL-1

pJF1

+

21SB

spore

2:1

5

IM

1.25

nylon

200

52

AGL-1

pBin-GFP-hph

+

21SB

spore

2:1

5

IM

1.25

nylon

200

53

AGL-1

pJF1

+

21SB

spore

2:1

3

IM

0

nylon

200

54

AGL-1

pBin-GFP-hph

+

21SB

spore

2:1

3

IM

0

nylon

200

55

C58C1

pJF1

+

21SB

spore

2:1

2

IM

1.25

nylon

200

56

C58C1

pBin-GFP-hph

+

21SB

spore

2:1

2

IM

1.25

nylon

200

57

C58C1

pJF1

+

21SB

spore

2:1

5

IM

1.25

nylon

200

58

C58C1

pBin-GFP-hph

+

21SB

spore

2:1

5

IM

1.25

nylon

200
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* + = AS added for bacteria induction in IM and co-cultivation media; - = AS omitted
^ 1X105 spores or protoplast added for co-cultivation
~ medium used for co-cultivation of D. pinea and A. tumefaciens; IM=initiation medium (Bundock et al. 1995),
RM=regeneration medium
« concentration of glucose used in IM
† cell= nitrocellulose (Whatman, Hillsboro, OR); nylon= nylon membranes (Roche Diagnostics Cooperation, Indianapolis,
Indiana)

3

2

1
MM

IM

D. pinea
4

5

6

Figure 3.1: Flow chart of the A. tumefaciens-mediated transformation protocol. 1) 2 day
old A. tumefaciens colony containing a Ti-plasmid was transferred to MM and incubated
with shaking for 48 hours; 2) an aliquot of liquid culture was transferred to IM and
incubated with shaking until OD660 was at least 0.25; 3) A. tumefaciens culture was mixed
together with D. pinea spore or protoplast suspension; 4) the suspension was spread on
filters on co-cultivation medium and incubated at room temperature; 5) filter pieces were
transferred to selection medium and grown at room temperature for at least a week; 6)
putative transformants were transferred to selection media.
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PDA: 20 µg/ml hygromycin B

PDA: 35 µg/ml hygromycin B

12

4.5
4
mycelial growth (mm)

mycelial growth (mm)

10

8

6

4

2

0

3.5
3
2.5
2
1.5
1
0.5
0
D. pinea isolates

D. pinea isolates

RM: 40 µg/ml hygromycin B

RM:20 µg/ml hygromycin B
25

50

40

mycelial growth (mm)

mycelial growth (mm)

45

35
30
25
20
15
10

20

15

10

5

5
0

0
D. pinea isolates

D. pinea isolates

Figure Legend:
113-1
12S
144-3
150-2

D. pinea isolates
70D
61SB
21SB
103-1

Figure 3.2: D. pinea mycelial growth (in mm) after 5-week incubation on PDA and RM
amended with different concentrations of hygromycin B. Mycelium growth reported is
the mean of 5 replicates per isolate and the error bars represent the standard deviation of
the mean for each isolate.

76

RM: 60 µg/ml hygromycin B
9

mycelial growth (mm)

8
7
6
5
4
3
2
1
0

D. pinea isolate

GRM: 60 µg/ml hygromycin B

mycelial growth (mm)

18
16
14
12
10
8
6
4
2
0

D. pinea isolate

Figure Legend:
113-1
12S
144-3
150-2

D. pinea isolates
70D
61SB
21SB
103-1

Figure 3.3: D. pinea mycelial growth (in mm) after 3-week incubation on RM and GRM
amended with 60 µg/ml hygromycin B. Mycelium growth reported is the mean of 5
replicates per isolate and the error bars represent the standard deviation of the mean for
each isolate.
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No hygromycin B

2.5µg/mL 5µg/mL 10µg/mL

20 µg/mL

Figure 3.4: Wild-type D. pinea protoplasts (isolate 61SB) regenerated on RM amended
with increasing concentrations of hygromycin B.
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Figure 3.5: D. pinea protoplast that has regenerated and resumed hyphal growth. Bar
equals 1 µm.
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Figure 3.6: Fluorescent wild type D. pinea aerial hyphae observed under the fluorescent
microscope.
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A

B

C

C

Figure 3.7: D. pinea background growth observed on A. tumefaciens-mediated
transformation selection plates (100 µg/mL hygromycin B). A) hyphae avoiding the
medium and growing to the outer rim of the plate; B) hyphae growing into the media; and
C) hyphae avoiding the medium and reaching the plate lid
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A

B

C

D

82

E

Figure 3.8: Putative D. pinea transformant hyphal growth observed on non-selection (A)
or hygromycin selection (B-E) plates. A) wild type hyphal growth; B) darkly pigmented
globes observed randomly positioned on hyphae; C) spiral hyphal growth; D) hyphal tips
that have burst and released their cellular contents, marked area in left picture is enlarged
in right picture; E) haphazard hyphal growth that has grown parallel in a rope like
fashion.
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CHAPTER 4
Cytology of Diplodia pinea in Diseased, Healthy, and
Latently-infected Pinus nigra Pine Shoots
Introduction
Diplodia pinea can persist in its pine host without causing tip blight symptoms
(Stanosz et al. 1997; Flowers et al. 2001). Little is known about these latent D. pinea
infections, but they may be very important in the tip blight disease cycle. Latent
infections are widely believed to transform into pathogenic ones, causing severe tip blight
symptoms, when the host experiences stress, such as drought (Stanosz et al. 2001).
Austrian pines in Lexington displayed more severe symptoms, and succumbed to tip
blight disease more often, during drought years even though conditions were not
conducive for dissemination or germination of D. pinea spores (Flowers et al. 2001).
Latent D. pinea infections were common in Austrian pines that had no symptoms of tip
blight, and in asymptomatic shoots of diseased pines (Flowers et al. 2001). Dissection
studies suggested that these latent infections were localized in the region outside the
vascular cambium of asymptomatic shoots (Flowers et al. 2001). Cytological studies of
asymptomatic, latently-infected Austrian pine shoots could reveal how and where D.
pinea latent infections occur. Comparisons of latently-infected asymptomatic versus
diseased shoots might provide information about how latent infections could transform
into pathogenic ones. Stained thin sections of resin embedded, fixed diseased tissues
have been used previously for studies of various fungal pathogens of Pinus, including D.
pinea (Bonello et al. 1991; Simard et al. 2001; Krekling et al. 2004). However, to my
knowledge, cytological methods have not been used to study latent fungal infections of
conifer shoots. The problem with this approach has been differentiating latently infected
shoots from healthy, uninfected shoots. Asymptomatic pine tissues typically contain a
large number of different fungal species, and so it is important to be able to distinguish
these from the latent pathogen by comparing latently infected tissues with uninfected
controls. As part of my Masters research, I developed a nested PCR technique that can
accurately detect latent infections of D. pinea in asymptomatic shoots (Flowers et al.
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2003). I used this technique to identify latently infected versus uninfected asymptomatic
shoots for the study that is described in this chapter of my dissertation.
Familiarity with the normal anatomy of Austrian pine shoots is needed in order to
compare diseased with latently infected and uninfected shoots. Tip growth of a pine
shoot originates from the apical meristem located at the shoot apex, in the terminal bud
(FIGURE 4.1). The apical meristematic cells differentiate into the primary meristems:
namely, the protoderm, procambium, and ground meristems (Mirov 1967; Zimmermann
and Brown 1971). These primary meristems later form the vascular cambium and the
cork cambium, also known as the phellogen (FIGURE 4.2C) (Mirov 1967). The
phellogen gives rise to the phellem on the exterior and the phelloderm on the interior
(Zimmermann and Brown 1971). The phelloderm is similar in appearance, and thus
cannot be differentiated from, the adjacent cortex cells (Zimmermann and Brown 1971).
The early periderm, a collective term that includes the phellem, phellogen, and
phelloderm, is located beneath the epidermis (FIGURE 4.2A), and does not develop
further until the shoot matures (Zimmermann and Brown 1971; Shigo 1990). The cortex
consists of parenchyma cells and comprises the region between the phellogen and
vascular cambium (FIGURE 4.2A). The phloem of current-year pine shoots is relatively
simple, consisting only of sieve cells, parenchyma cells, and fibers. Large albuminous
cells are also present throughout the phloem (FIGURE 4.2E) (Esau 1967). The "bark" of
the shoot contains many tissues, including the epidermis, periderm, cortex, and phloem
(Esau 1967; Mirov 1967; Shigo 1990). The vascular cambium is located between the
phloem and xylem. The xylem cells are interconnected by oval border pit pairs (FIGURE
4.2F). Vascular tissues that connect the leaves to the shoot vasculature are known as
needle traces (FIGURE 4.2H). Also present in the shoot tissues are ray cells (FIGURE
4.2F) that intersect the vascular tissues, and resin ducts (FIGURE 4.2A and 4.2D) present
both in the cortex and in the vascular tissues (Esau 1967). A dormant shoot apex is
located in the base of each needle fascicle; thus, each needle bundle actually grows from
a dwarf branch. The scales of the dormant shoot apex elongate into the basal sheath
tissues that surround the needle fascicles (Mirov 1967). If the apical meristem dies or is
removed, a dormant needle fascicle meristem can develop into a new apical shoot (Mirov
1967; Zimmermann and Brown 1971).
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Stained, thin-sections of resin embedded, fixed tissues have been used previously
to observe fungal pathogens in Pinus (Bonello et al. 1991; Simard et al. 2001; Krekling et
al. 2004). For light microscopy, epoxy resin provides a denser support matrix, and
consequently better retention of plant cell and tissue structures, than other embedding
materials (Ruzin 1999). Spurr resin, in particular, is a good choice for embedding Pinus
tissues (Charles Mims, personal communication). Since its introduction in the 1960's,
Spurr epoxy resin has been widely utilized for electron and light microscopy. This resin
has exceptional tissue penetration qualities and has been used successfully on specimens
with high lipid content, tissues with hard lignified walls, and highly vacuolated
parenchymatous tissues (Spurr 1969). Toludine blue O is frequently used to stain
embedded tissue sections. It is a basic stain that is attracted to acidic cellular components
(Ruzin 1999; Simard et al. 2001). Toludine blue O stains all plant and fungal tissues,
however, different tissues are stained at different intensities, ranging from light blue to
dark purple. This tissue preparation method for light microscopy provides very good
resolution of host and pathogen structures during fungal colonization.
I used this traditional embedding and thin-sectioning protocol to directly observe
D. pinea in uninfected, diseased, and latently-infected Austrian pine shoots and terminal
buds. Latently-infected tissues were differentiated from uninfected ones by using a
nested PCR technique specific for D. pinea (Flowers et al. 2003). Comparisons of host
tissue anatomy and fungal development were made at three different times during the
growing season. Although previous studies have examined symptomatic seedlings that
had been artificially inoculated with D. pinea, mine is the first cytological study of
naturally-infected diseased shoots from mature pine trees. In addition, mine is the first
microscopy study of latent colonization by a pathogenic fungus in conifer shoots.
Materials and Methods
P. nigra tissue collection: P. nigra pine shoot samples were collected in May, 2004 (12
tip-blight diseased and 31 asymptomatic shoots); August, 2004 (9 asymptomatic shoots);
and January, 2005 (10 asymptomatic shoots). All samples were collected by using a #2
cork borer (0.6 cm diameter) to remove tissue plugs from the shoot tips of eight tip-blight
diseased P. nigra trees (18-25 years old) on the University of Kentucky campus,
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according to the protocol of Flowers et al. (2003). Four terminal buds from diseased
shoots, and 4 from asymptomatic shoots, were also collected, in March, 2005. Cork
borer shoot samples and whole terminal buds were immediately taken to the laboratory
where they were cut in half. One half was cut into smaller pieces (~3 mm), and
incubated in 2.5% gluteraldehyde fixative (Electron Microscopy Sciences, Hatfield, PA)
in 100 mM potassium phosphate buffer (KH2PO4, pH=6.8) at 4˚C until they were
embedded. The other half of each sample was surface disinfested and prepared for D.
pinea-specific nested-PCR analysis.
D. pinea-specific nested-PCR analysis of tissue samples: The DNA extracted from the
Austrian pine tissue samples was used as a template for D. pinea-specific nested PCR
analysis (Flowers et al. 2003). Asymptomatic tissue samples were categorized as
uninfected (negative for D. pinea) or latently infected (positive for D. pinea) based on the
nested-PCR results.
Spurr plastic embedding of tissue samples: The following embedding protocol is based
on Spurr (1969) and was performed in a fume hood. All of the samples collected were
embedded in resin, although not all of these were subsequently sectioned for this study
(see Results section, below). The 2.5% gluteraldehyde KH2PO4 buffer was removed from
the samples, replaced with KH2PO4 buffer, and incubated for 15 minutes at room
temperature. This solution was then removed and replaced with an equal amount of a 1:1
solution of KH2PO4 buffer and osmium tetraoxide (Ted Pella, Inc., Redding, CA; 2% in
milli Q (MQ) water). After incubation at 4˚C for 2 hours, the samples were rinsed four
times, 15 minutes for each rinse, with MQ water. The samples were then incubated
overnight at 4˚ C in 0.5% uranyl acetate (Ted Pella, Inc., Redding, CA) in MQ water.
Following 2 washes with MQ water for 15 minutes each, the samples were dehydrated by
immersing in a series of solutions containing 25%, 50%, 75%, 95%, 100%, and 100%
ethanol for 10 minutes each. The samples were then washed twice for 10 minutes each
time with 100% acetone. The acetone was removed and the samples were incubated
overnight at room temperature in 30% Spurr plastic resin (Electron Microscopy Sciences,
Hatfield, PA, prepared according to manufacturer's protocol) in acetone. This solution
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was then replaced with 70% Spurr plastic in acetone. After another overnight incubation
at room temperature, the solution was replaced with 100% Spurr plastic and incubated at
room temperature for 8 hours. The solution was replaced with fresh 100% Spurr plastic,
and the samples together with the resin were poured into Permanox petri plates (Nalge
Nunc International, Rochester, NY). Samples were arranged in the dishes so that they
could later be cut apart without damaging them, and the plates were cured at 70˚C for 2
days.
Block preparation and sectioning: Blocks containing individual tissue samples were cut
from the Spurr plastic by using a jeweler's hacksaw, and attached to mounting cylinders
with glue. Excess Spurr plastic was trimmed with a razor blade under the dissecting
microscope. Trimmed blocks were cut into 1-1.5 µm thick sections using a Leica
Reichert Ultracut microtome (Leica Microsystems, Inc., USA). Diamond (Ted Pella,
Inc., Redding, CA), sapphire (Sukura Saphhatome, Japan), or tungsten carbide (Delaware
Diamond Knives, Wilmington, DE) knives were used to cut the sections.
Slide preparation and observation: Wet sections were transferred to Super Frost glass
slides (Fisher Scientific) and dried on a low-heat heating block. Filtered toludine blue O
stain (Ted Pella, Inc., Redding, CA: 1% toludine blue O and 1% sodium borate dissolved
in MQ water) was applied to the slide and heated for 1 minute. Excess stain was gently
washed from the slide with deionized water and the slide was air-dried. Slides were
observed at various magnifications under the light microscope (Ziess) and digital images
were taken with a Zeiss Axiocam and imaged using the Openlab software package
(Improvision Inc., Lexington MA).
Results
Asymptomatic, PCR-negative shoot samples: Five (16%) of the 31 samples collected
from asymptomatic shoots in May were PCR-negative for D. pinea (TABLE 4.1). Fiftysix percent and 60% of asymptomatic tissue samples collected in August and January,
respectively, were PCR-negative for the pathogen (TABLE 4.1). Five of the PCR88

negative May samples, 3 of the PCR-negative August samples, and 2 of the PCRnegative January samples, were sectioned and examined as negative controls (TABLE
4.1).
These healthy shoots displayed normal anatomy (FIGURE 4.2A). The thickwalled epidermal cells stained bright aqua blue (FIGURE 4.2B). The phellogen was
apparent between the epidermis and cortical cells (FIGURE 4.2C). Resin ducts lined
with thin-walled parenchyma cells were observed, both in transverse and in longitudinal
sections (FIGURE 4.2D). Phloem cells were found adjacent to the vascular cambium,
appearing similar to other cortical cells except for the presence of albuminous cells
(FIGURE 4.2E). Xylem tracheids were well defined, stained bright aqua blue, and
contained border pit pairs (FIGURE 4.2F). Pith cells were similar in appearance to
cortex cells except that they were interspersed with more intercellular spaces (FIGURE
4.2G). Needle traces were observed connecting the shoot vascular system to the needle
through the cortex (FIGURE 4.2H). Needle scales and fascicle sheaths could be seen:
these were attached at their base to the shoot, and completely surrounded the needle
bundles (FIGURE 4.2I). As expected, the shoot anatomy changed as the growing season
progressed (FIGURE 4.3). The epidermal layer thickened, and the vascular system
expanded. There were also more intercellular spaces in the cortex of the August and
January samples. Importantly, fungal tissues were never observed inside these PCRnegative shoots (TABLE 4.1): fungal hyphae and spores (none of which resembled D.
pinea spores) were sometimes observed beneath the cuticle, or on the shoot surface
(FIGURE 4.4).
Diseased shoot samples: Twelve young diseased shoots, all with very early symptoms of
tip blight consisting of two or three bleached needles just emerging from the fascicle
sheath, were sampled in May (FIGURE 4.5). As expected, all of the samples were PCRpositive for D. pinea, and three were chosen for sectioning (TABLE 4.1). Samples of
blighted shoots were not collected in August or January, because by then the diseased
shoot tissue was completely dead, very degraded, and entirely permeated with dried resin
so that it was too brittle to fix or section successfully.
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An extensive network of fungal hyphae was observed in all of the diseased shoots
(TABLE 4.1). In spite of the very mild symptoms displayed by these shoots, hyphae
were already present throughout all tissues including the pith, vasculature, cortex, and
epidermis (FIGURE 4.6A). Most pine tissues were so degraded and collapsed that their
original structure could no longer be discerned. Some xylem tracheids appeared intact
and did not contain visible hyphae, and these may still have been functional (FIGURE
4.6B). If so, this could explain why green needles were still present on the shoots when
they were sampled. In xylem cells that had been colonized by fungus, hyphae were
observed apparently in the act of moving from one tracheid to another via border pit pairs
(FIGURE 4.6C). Resin pockets, a known defense response of pine, were observed in the
cortex. The pockets contained fungal hyphae, suggesting that they are probably
ineffective in defending against this pathogen (FIGURE 4.6D). Hyphae were also
present in resin ducts (FIGURE 4.6E). Early signs of D. pinea pycnidial development
were observed in the epidermal and subcuticular regions of the diseased shoots (FIGURE
4.7).
Asymptomatic, PCR-positive shoot samples: Twenty six (84%) of the 31 asymptomatic
shoots sampled in May tested positive for D. pinea by PCR (TABLE 4.1). A smaller
percentage of the asymptomatic shoot samples in August and January were also PCR
positive (TABLE 4.1). Nineteen of the latently-infected shoot samples from May, and all
of the latently infected samples from August and January, were sectioned for microscopy.
Fungal hyphae were observed inside 17 of the 19 PCR-positive May shoot samples, and
in all of the PCR-positive shoot samples collected in August and January (TABLE 4.1).
No matter what time of year the sample was collected, I frequently observed
fungal hyphae and spores in the crevices formed between the needle fascicles and the
outer epidermal layers at the leaf base of latently infected samples (FIGURE 4.8). D.
pinea conidia were present, and were easily identified by their distinctive shape and size.
Hyphal bundles, consisting of aggregated hyphal strands, were also relatively common
(FIGURE 4.9). Hyphal bundles were never observed in PCR-negative shoot tissues, and
so my conclusion is that these are D. pinea structures. Hyphae in these crevices were
observed breaching the epidermal barrier, and colonizing the periderm (FIGURE 4.10).
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Fungal hyphae were also observed outside and inside the needle scales and fascicle
sheaths (FIGURE 4.11). The mesophyll cells of the needle scales and needle bases were
often degraded, with hyphae present.
Twelve of the 19 PCR-positive asymptomatic samples collected in May, and all
of the latently infected August and January samples, contained localized pockets of
degraded cells in the periderm and cortex (FIGURE 4.12, TABLE 4.1). Most of the
cortical cells extending towards the vascular tissues were intact, and all vasculature,
including the needle traces, appeared functional. Degraded cells or cells with collapsed
cytoplasm were observed in close proximity to fungal hyphae (FIGURE 4.13). Five of
the 17 asymptomatic PCR-positive May samples with internal hyphal colonization, had
more extensive colonization of cortical cells, and visibly degraded vascular tissues,
including needle traces (FIGURE 4.14, TABLE 4.1). This pattern of colonization was
similar in type, though not in degree, to that observed in tip-blight diseased shoots. Thus,
these samples may represent very early stages of the tip blight disease that had not yet
resulted in visible symptoms. The fact that a similar pattern was never observed in the
latently-infected shoots collected in August or January provides additional evidence for
this idea.
Necrophylactic periderms were observed forming a barrier around degraded
cortical cells colonized with hyphae in one sample from May and in one sample from
August (FIGURE 4.15, TABLE 4.1). In the May sample, a cambium layer was readily
apparent several cell layers away from the degraded pocket of cells (FIGURE 4.15A). In
the August sample, a lignified layer had developed between the cambium and the
degraded area (FIGURE 4.15B). No fungal material was observed outside either
necrophylactic periderm, suggesting that this host response is quite effective in
containing the pathogen.
Terminal buds: Although the terminal buds were collected from both diseased and
asymptomatic shoots, all the buds were asymptomatic (FIGURE 4.16). Two of the four
terminal buds sampled from diseased shoots, and one of the four terminal buds sampled
from asymptomatic shoots, were PCR-positive for D. pinea. The anatomy of PCRnegative terminal buds from both diseased and asymptomatic shoots appeared as
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expected (FIGURE 4.17). The pith center of the dormant terminal bud was surrounded
by vasculature that branched toward axillary buds, also known as secondary meristems,
and bud scales. The apical bud, or primary meristem, was smaller and less developed
than the axillary buds. The axillary buds eventually develop into immature needles and
side shoots in the spring. There were a few instances in which epiphytic fungi could be
seen on the bud scales. Only one degraded area and evidence of extensive fungal
colonization was found after examining multiple slides of two PCR-positive terminal
buds from diseased shoots (FIGURE 4.18A). One axillary bud was badly degraded, and
hyphae were present in this degraded tissue (FIGURE 4.18B). The colonization appeared
to have progressed from the bud scale down into the bud. No fungal material was found
in the pith. With this single exception, all the tissues in these eight buds appeared to be
normal. Extensive degradation and hyphal colonization was not observed in the single
PCR-positive terminal bud from asymptomatic shoots (FIGURE 4.19A). However,
fungal colonization of bud scales was observed (FIGURE 4.19B).
Discussion
I was initially reluctant to undertake traditional microscopy studies of naturally
infected shoots because I predicted that I would not be able to differentiate between
mycelium of D. pinea and other fungal species. However, to my surprise, only shoot
samples that were PCR-positive for D. pinea actually contained fungal hyphae. The
absence of hyphae in two of the asymptomatic, PCR-positive May samples was not
unexpected (my previous studies demonstrated that the pathogen can sometimes be
detected in only one half of a shoot disk (Flowers et al. 2003), and may be the result of
the highly localized nature of pathogen colonization of asymptomatic tissues. After
comparing my microscopy observations and D. pinea-specific nested-PCR results, and
after considering previously published literature on the subject, I am confident that the
fungi observed in these samples are indeed D. pinea.
D. pinea is only one of many fungi that are known to inhabit asymptomatic pine
tissues (Swart et al. 1987; Blodgett et al. 2003; Flowers et al. 2003). Moreover, a single
tree may harbor multiple D. pinea infection foci. Evidence for this is the discontinuous
nature of the pathogen in the pine tissue (Flowers et al. 2003) and the fact that more than
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one vegetative compatibility group can be recovered from a single tree (Burgess et al.
2001). The mechanism by which D. pinea initially enters its host has been a topic of
study for years, but many questions remain.
Relatively little is known about defense responses of coniferous bark to fungal
attack (Mullick 1977; Blanchette and Biggs 1992). Bark is obviously a passive barrier to
pathogen attack, and it contains many pre-formed chemical compounds that are inhibitory
to microbial growth. However, actively induced chemical and physical responses in the
bark also contribute to pathogen resistance. Induced physical responses include the
formation of non-suberized impervious tissue (NIT), necrophylactic periderms and
traumatic resin ducts (Blanchette and Biggs 1992). D. pinea is well-known as a woundassociated pathogen, and often causes cankers on mature stems that have been damaged.
However, like most fungal pathogens it does not penetrate intact bark directly. Most tip
blight occurs in the absence of wounds, and so the question of how the fungus penetrates
and colonizes unwounded tissues is particularly important for this disease.
D. pinea infections of unwounded shoot tissues could occur by various routes.
Fluorescent labeling and plastic needle imprints of inoculated needles showed that germ
tubes can enter needle stomata. The fungal germ tubes did not grow directly toward the
stomata, and some even grew over stomata without entering (Brookhouser and Peterson
1971). This suggests that entry via stomata may be more by accident than by design.
Nonetheless, the prevailing dogma is that tip blight is caused primarily by conidia
germinating and entering needle stomata. This is why one of the major recommendations
for tip blight management is to treat emerging shoots with contact fungicides while D.
pinea spores are being released in the spring. However, shoot blight symptoms usually
appear before stomata are accessible for penetration, when the needles have just barely
emerged from the sheath (Waterman 1943; Peterson 1977; Palmer and Nicholls 1985).
Waterman (1943) and Rees and Webber (1988) suggested that infections could occur at
the needle bases. My work has provided support for this idea: I frequently observed
spores and hyphae of D. pinea in the crevices created between the bark and needle bases,
and more importantly, I also observed hyphae breaching the epidermis and entering the
periderm at these sites. On the other hand, my research does not support the idea that
needle stomata are primary routes for infection, since needles are rarely latently infected.
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Other potential infection sites are the spaces between anticlinal epidermal walls
on non-lignified elongating shoots (Chou 1978; Rees and Webber 1988). Chou (1978)
described hyphal aggregates of D. pinea that were found closely appressed to the shoot
surface, and which were associated with direct penetration through the epidermis of
nonlignified shoot tissues. I also observed hyphal aggregates, associated both with
diseased and latently infected shoots. It is possible that these are the same structures that
were observed by Chou (1978). I observed these in the crevices at the bases of needles,
and along needle and bud scales. Although they are relatively common in fungi, for
example Armillaria spp., that infect subaerial portions of the trees, aggregates are unusual
for fungi like D. pinea that infect the aerial parts (Wood 1967; Chou 1978). Hyphal
aggregates, also referred to as mycelial cords, mycelial strands, or rhizomorphs, provide
protection and aid in nutrient uptake in adverse environments (Alexopoulos et al. 1996).
Hyphal aggregates seem to be a survival strategy for D. pinea, and maybe this is the
reason that they formed in culture when hygromycin B was added to the medium (see
Chapter 3). Unlike rhizomorphs that typically have a hard cortex and are dormant, these
mycelial strands are active and may aid in D. pinea epiphytic survival and infection of P.
nigra shoots and needle bases.
The periderm is typically the first tissue affected by a pathogen attack. The
phellogen is essential to tree development because it provides a protective barrier as the
shoot grows in circumference (Mullick 1977). Colonization of Pinus shoots by D. pinea
appears to start in the periderm and adjacent cortical cells. In agreement with an earlier
study, the epidermal cells were not anatomically affected by the presence of the pathogen
(Chou 1978). A microscopy study of 4-6 month old seedlings with Sphaeropsis
(Diplodia) seedling blight found that hyphae first colonized the cells lying below the
epidermis (Rees and Webber 1988). I also observed hyphae colonizing periderm and
cortical cells in both the diseased and latently infected shoot samples. In agreement with
other reports, I observed hyphae growing both intercellularly and intracellularly (Luchi et
al. 2005).
According to one earlier study, D. pinea hyphal growth can occur in advance of
necrosis in the shoots (Bachi and Peterson 1985). However, in my study, in agreement
with that of Chou (1976), I found that necrosis/tissue degradation always preceded
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hyphal colonization (Chou 1976a). This suggests that D. pinea is a true necrotroph, and
supports the idea that phytotoxins, e.g. Sapinofuranones A and B (Evidente et al. 1999),
might be important pathogenicity factors for D. pinea.
One previous study suggested that D. pinea rapidly colonizes pith tissues (Marks
and Minko 1969). These authors also reported that the pathogen persisted latently in the
pith, and used the medullary rays to gain access to the phloem, needle traces, and cone
traces. My observations of D. pinea in Austrian pine did not provide any evidence to
support this suggestion. I reported previously that D. pinea was only rarely recovered
from cultured pith tissues of latently-infected shoots (Flowers et al. 2001). In the
microscopy study reported in this chapter of my dissertation, I never saw pith
colonization in latently-infected shoots. The Marks and Minko study used greenhouse
pines that had been inoculated by injecting conidia directly into the pith with a
hyperdermic needle. This highly artificial inoculation method probably accounts for the
differences between their observations and mine, which were performed on naturally
infected trees from the field.
It has been suggested in some previous studies that D. pinea colonization
proceeds from the cortical cells into the vascular tissues (Chou 1978; Rees and Webber
1988; Luchi et al. 2005). D. pinea was reported to disrupt cambial tissue and quickly
invade the xylem in inoculated shoots (Luchi et al. 2005). I always observed fungal
hyphae in the phloem and xylem cells of diseased shoots. However, vascular colonization
was seen in only five of the PCR-positive samples that were collected in May: these
might represent very early pathogenic infections that had not yet become symptomatic.
Providing further evidence in support of this idea, colonized xylem or phloem was never
observed in latently infected shoots collected in either August or January, after the time
when tip blight symptoms appear.
As expected, hyphae were observed colonizing all tissues, including bark, xylem,
and pith, of diseased shoots (Chou 1976a; Flowers et al. 2001). What really surprised me
was that the colonization and the cell degradation were so extensive even when
symptoms were very mild, consisting of just a few dead needles. The vascular tissues
were also mostly degraded. This observation probably explains why blighted tips die so
rapidly (within a matter of days) from this disease. This was always very hard to explain
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if infections of new shoots were occurring primarily in the spring via needle stomata. In
contrast to diseased shoots, colonization was localized to pockets of degraded cells in the
periderm and adjacent cortex in latently infected shoots. The vasculature remained intact.
This suggests that keeping the pathogen out of the vascular tissues might be important for
maintaining latency. In support of this idea, isolation studies of conifers latently infected
with Gremmeniella abietina, and Cronartium ribicola revealed that latent infections most
often occurred outside the vascular tissues in the periderm and cortex (Yokota 1975;
Stone 1987; Marosy et al. 1989; Reich and Van Der Kamp 1993; Hunt 1997).
Thus, my conclusion is that shoot infection, both latent and pathogenic, begins
primarily at the bases of needles by direct penetration through the thin, relatively
unprotected epidermal layers, into the adjacent periderm and cortex. In addition to spores
of D. pinea, hyphal aggregates apparently can serve as infection propagules (Chou
1976b; Chou 1976a). Unpublished work from Appendix 2 of my Master's thesis also
supports the idea that the needle bases are a primary infection court. Among 45
asymptomatic whole needle bundles (needles and fascicle sheaths) from which D. pinea
could be recovered, 100% of the sheaths but only 8% of the needles were colonized.
Observation of sheath tissues from asymptomatic needle bundles from the field revealed
that D. pinea spores were present and had germinated and colonized these tissues. D.
pinea is a facultative saprophyte, so the dead cells of the sheath tissue should be a highly
favorable setting that would provide excellent protection from unfavorable environmental
conditions and possibly contact fungicides. It appears that D. pinea can grow down along
and through the sheath tissues to gain entry into the shoot at the needle bases.
Only one previous report has suggested that D. pinea infection can occur via the
terminal bud, and this was in greenhouse-grown seedlings in which the buds were
inoculated with a spore suspension (Rees and Webber 1988). In my study, D. pinea was
not found colonizing the pith, vasculature and cortical cells of terminal buds, suggesting
that D. pinea does not move from the subtending latently-infected or diseased branch into
the bud. I did observe fungal structures on and in the cells at the distal portions of the
bud scales. I conclude from my observations that infections of buds, when they occur,
begin on the bud scales and subsequently move into the axillary buds. This suggests that
terminal bud infection could occur in early spring before the candles begin to elongate, or
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the previous fall when the terminal buds are set. In Kentucky, spores are released from
March until October, so both are possible.
I was able to observe the location of latent infections, and I also learned
something about how latent (and pathogenic) infections are initiated. However, my
observations did not completely answer the question of how latent infections are
maintained. Necrophylactic periderms were observed twice in this study. A
necrophylactic periderm is a regeneration of phellogen around necrotic cells, and has
been implicated in the resistance of conifers to various pathogens, including Fusarium
moniliforme var. subglutinans and Gremmeniella abietina (Blanchette and Biggs 1992;
Simard et al. 2001). In both cases in my study, the necrophylactic periderms appeared to
have effectively contained the pathogen infection. Mullick (1977) refers to "nonsuberized impervious tissue" (NIT) as another bark defense against pathogenic infection.
The NIT is difficult to detect with these microscopy protocols. However, the formation
of NIT is a prerequisite for the formation of a necrophylactic periderm, though not all
NITs progress to necrophylatic periderms (Mullick 1977; Blanchette and Biggs 1992).
The presence of necrophylactic periderms suggests that NITs were formed and that these
may be responsible for containing the latent infections.
Traumatic resin ducts often form in response to wounds and infections. These
allow increased resin flow, which ultimately produces an impervious layer of dried,
hydrophobic resin that is highly resistant to pests (Blanchette and Biggs 1992; Pearce
1996). Austrian pines form traumatic resin ducts in response to D. pinea inoculation via
wounds (Luchi et al. 2005). In vitro experiments demonstrated that some resin terpenes
inhibited D. pinea conidial germination, and decreased germ tube elongation (Chou and
Zabkiewicz 1976). However, plant inoculation studies found that monoterpene levels
were positively correlated with symptom severity (Blodgett and Stanosz 1998),
suggesting that resin terpenes do not actually play a role in resistance to D. pinea in
planta. I did not observe obvious signs of formation of traumatic resin ducts in my study:
I saw no apparent difference in the number or size of resin ducts between diseased versus
asymptomatic samples. Perhaps traumatic resin ducts were not observed in this study
because the shoots were naturally infected, and not wound-inoculated. I did observe that
D. pinea readily colonized resin ducts, and thus my work agrees with others in suggesting
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that the resin defense mechanisms of pine are not effective in preventing D. pinea
infection and colonization (Blodgett and Stanosz 1998; Luchi et al. 2005).
Successful D. pinea pathogenic infection results when the pathogen rapidly
invades the cortex and colonizes the vascular tissues. In contrast, latent infections remain
localized in the periderm and adjacent cortical cells, perhaps developing later into
pathogenic infections when the host becomes stressed. Defense mechanisms can be
compromised when the host is under stress, such as drought, but the exact mechanisms by
which stress induces susceptibility is not known (Blanchette and Biggs 1992). Low water
potential in the host bark have been shown to have a negative effect on the formation of
the NIT, and necrophylactic periderm (Mullick 1977; Blanchette and Biggs 1992). High
water content in the xylem limits pathogen development in that tissue, presumably
because of the low oxygen levels that result (Chapela 1989; Boddy 1994; Pearce 1996).
In addition, the increased sugar concentrations observed in the inner bark of water
stressed loblolly pine could provide a latent pathogen with a greater food source (Hodges
and Lorio 1969).
My findings emphasize the importance of integrating various control measures to
reduce tip blight disease severity on P. nigra in the landscape. Cultural controls such as
reducing tree stress and practicing sanitation are very important for maintaining healthy
landscape trees. Drought stress and excess fertilizer have been shown to increase
Diplodia tip blight incidence and severity, and should be avoided (Bega et al. 1978; Bachi
and Peterson 1985; Nicholls and Ostry 1990; Van Dijk et al. 1992; Blodgett et al. 1997;
Paoletti et al. 2001; Stanosz et al. 2001; Stanosz et al. 2004; Blodgett et al. 2005). Water
stress may prevent P. nigra from effectively containing D. pinea colonization and excess
fertilizer may facilitate D. pinea shoot infection by increasing succulence (Stanosz et al.
2004). Inoculum levels can be reduced by removal of diseased host material. Pruning
diseased shoots may also reduce inoculum, but must be done with care because it can act
as infection sites for D. pinea. Chemical controls applied just before bud break until
shoot elongation have been relatively ineffective in controlling this disease in Kentucky
landscapes. My results suggest that terminal buds may become infected prior to bud
break and before chemical application. Furthermore, it is unlikely that the topically
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applied chemicals are able to enter all the crevices between the needles and shoots, and so
the inoculum there is likely to survive the treatment.
In conclusion, my observations provide new insights into the natural infection
process of D. pinea. A unique aspect of my study was that naturally infected tissues of
mature trees were observed, instead of the artificially inoculated greenhouse seedlings
used in most previous studies. My evidence suggests that natural infections can occur via
the elongating shoot and the dormant terminal buds. However, infection of the shoots
appears to be more common. D. pinea colonization was already quite extensive very
early in symptom development, which probably explains why affected shoots die so
quickly with this disease. It may also suggest that infection is occurring very early in
shoot development. This is the first cytological study of latent D. pinea infections in
asymptomatic shoots. In contrast to pathogenic infections, latent infections occurred in
localized pockets of degraded periderm and adjacent cortical cells. I found no evidence
that these infections can move from the subtending infected branch into the new bud or
shoot, and it is likely that they are eventually sloughed off with the bark, as long as the
tree remains healthy. If the tree experiences stress, however, it is possible that these
infections could break through the host defenses to become pathogenic. This will be a
topic of future studies.
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Asymptomatic

Diseased

PCR
Result

Asymptomatic

Shoot
Symptoms

May

May
August
January

May
August
January

Sample
Time

3

19
4
4

26
4
4
12

5
3
2

Observed

5
5
6

Collected

Number of Samples

3

17
4
4

0
0
0

Internal
Fungal
Colonization

3

0

0

1
1
0

0
0
0

0
0
0
5
0
0

Necrophylactic
Periderm

Vasculature
Colonization

12
4
4

0
0
0

Localized
Colonization

Number of Samples With

Table 4.1: Observations of fungal colonization in diseased and asymptomatic shoot
samples.

103

A

B

C

D

Figure 4.1: P. nigra shoot growth. A) dormant terminal bud; B) terminal bud that has
just broken dormancy and is beginning to elongate; C) elongating candle (shoot); D)
three years of shoot growth
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Figure 4.2: Healthy Austrian pine shoots; A, Longitudinal view showing different
anatomical shoot tissue structures of a May sample; B, Transverse view of epidermis; C,
Longitudinal view of the epidermis, phellogen, and cortex; D, Longitudinal view of
parenchyma cells lining resin ducts; E, Longitudinal view of shoot vasculature, including
the xylem, phloem, and albuminous cells; F, Longitudinal section of xylem, border pit
pairs (arrows), and medullary ray cells; G, Transverse section of pith cells; H,
Longitudinal section of shoot at a leaf axis, notice the circular needle trace and needle
scales; I1, Longitudinal view of needle scales and sheaths; I2, Sheath cells, notice cell
connection. A, albuminous cells E, epidermis, C, cortex; MR, medullary rays; N, needle;
NS, needle scale; NT, needle trace; P, phellogen; Ph, phloem, R, resin duct; S, fascicle
sheath; X, xylem. Bar equals 50 µm.
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Figure 4.3: Longitudinal view of a healthy Austrian pine shoot sampled in January;
notice the thick epidermis and intercellular spaces in the cortex. C, cortex; E, epidermis;
P, phellogen; V, vasculature. Bar equals 50 µm.
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Figure 4.4: Subcuticular hyphae (red arrows) between the epidermis and cuticle. C,
cuticle; E, epidermis. Bar equals 50 µm.

109

Figure 4.5: Diseased Austrian pine shoot at the time of May sampling exhibiting first
symptoms of tip blight. One needle on the elongating candle was stunted and chlorotic
(red arrow).

110

A1

A1
RP

A2

A2

111

B

C

*

E

D

Figure 4.6: Tip blight diseased Austrian pine shoots. A1, longitudinal views of collapsed
and degraded diseased shoot cells; A2, longitudinal view of hyphae (red arrows) in
degraded cells; B, transverse view of probable functional xylem (*) and hyphal
colonization of xylem trachieds (red arrows); C, longitudinal view of hyphae using
border pit pairs to move from one trachied to the other (red arrow); D, resin pocket
colonized by hyphae (red arrow); E, hyphal colonization of resin duct. Bar equals 50 µm.
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Figure 4.7: Immature pycnidia forming on diseased May shoot samples. Bar equals 50
µm.
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Figure 4.8: Latently infected Austrian pine shoots. A and B, longitudinal views of leaf
apex; notice the fungal colonization (red arrow) of the crevice formed between the needle
and the shoot; B, notice the D. pinea spore (red arrow head); C, closer view of fungal
colonization. N, needle; Sh, shoot. Bar equals 50 µm.
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Figure 4.9: Hyphal bundles (red arrows) outside Austrian pine shoots.
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Figure 4.10: Latently infected Austrian pine shoots. A, hypha breaching the epidermis;
B, hyphal colonization of the periderm. Hyphae marked by red arrows. Bar equals 50
µm.
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Figure 4.11: Epiphytic and endophytic fungal colonization (red arrows) of needle scales
and fascicle sheaths from latently infected Austrian pine shoots. Bar equals 50 µm.
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Figure 4.12: Localized colonization of latently infected Austrian pine shoots. A,
longitudinal view of a May shoot sample; B, longitudinal view of a January shoot
sample; C, hyphal colonization of degraded periderm and cortex in a May shoot sample;
D, hyphal colonization of degraded periderm and cortex in a January shoot sample.
Degraded area marked with asterisks, hyphae marked by red arrows. Bar equals 50 µm.
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Figure 4.13: Cytoplasm collapse and cell degradation preceding hyphal colonization in
latently infected Austrian pine shoots. A, transverse view of cells with collapsed
cytoplasm (green block arrows) and cells with healthy looking cytoplasm (white arrow
heads), notice most of the parenchyma cells lining the resin duct have collapsed
cytoplasm except for a few cells; B, longitudinal view of hyphae (red arrows) colonizing
degraded cells and cells with collapsed cytoplasm (above the orange dashed line) away
from colonization. Bar equals 50 µm.
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Figure 4.14: Asymptomatic, PCR positive Austrian pine shoots with extensive
degradation and hyphal colonization along the needle trace. A, transverse view; B,
longitudinal view. Degraded cortex along needle trace marked with an asterisk; E,
epidermis; NT, needle trace; V, shoot vasculature. Bar equals 50 µm.
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Figure 4.15: Necrophylactic periderms observed in a May (A, longitudinal view) and
August (B, transverse view) latently infected shoot sample. Degraded area inside the
necrophylactic periderms marked with a red asterisk; necrophylactic periderms marked
with black arrows; and hyphae marked with red arrows. Bar equals 50 µm.
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Figure 4.16: Dormant terminal buds sampled for this study. A, terminal buds from an
asymptomatic shoot; B, asymptomatic terminal buds from a tip blight diseased shoot.
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Figure 4.17: Healthy terminal bud anatomy. A, longitudinal view, red box, apical bud,
green box, axillary bud; blue box, bud scale; B, longitudinal view of apical bud
surrounded by axillary buds and bud scales; C, longitudinal view of the pith and
surrounding needle vasculature; D, trace vasculature connecting the bud vasculature to
the axillary bud; E, meristems region of a shoot primordia in an axillary bud; F; needle
primordia in an axillary bud. AB, axillary bud; BS, bud scale; Pi, pith; R, resin duct; V,
terminal bud vasculature. Bar equals 500 µm.
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Figure 4.18: Degraded axillary bud on an asymptomatic terminal bud from a diseased
shoot. This terminal bud was PCR positive for D. pinea. A, longitudinal view of
degraded axillary bud (marked with an asterisk). Notice that the cortical cells below the
degraded bud appear normal. B, hyphal colonization (red arrows) and degradation of the
axillary bud scale. Bar equals 100 µm.
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Figure 4.19: Bud scale colonization on, and degradation of an axillary bud from an
asymptomatic terminal bud from an asymptomatic shoot. This terminal bud tested PCR
positive for D. pinea. A, degraded axillary bud scale (asterisk); B, hyphal colonization of
axillary bud scale (red arrows). Bar equals 100 µm.
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APPENDIX 1
pJF1 Plasmid Map and DNA Sequence

i) Plasmid map for pJF1. Position 1 is noted between the trp C promoter and the hph
gene.
NcoI
SphI

hph

trpC

promoter

nos-terminator
PstI
NotI

1

CaMV 35S 3' UTR

SGFP

Xmn I

T-border
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ToxA p r o m o t e r
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(9895 bp)
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NotI
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ClaI NheI
NotI
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(right)

ii) pJF1 sequence beginning at position 1 reading clockwise on the plasmid map. Colors
in the sequence correspond with the colors on the plasmid map.
1
131
261
391

tgaccgggtc gtccacttac
caagtggggc tgatctgacc
ccaaaaaatg ctccttcaat
tgagcgcaac gcaattaatg
EcoRI
521 tatgcttccg gctcgtatgt tgtgtggaat tgtgagcgga taacaatttc acacaggaaa cagctatgac atgattacga attctcatgt
651 gcgcgcgata atttatccta gtttgcgcgc tatattttgt tttctatcgc gtattaaatg tataattgcg ggactctaat cataaaaacc
781
911
1041
1171
1301
1431

atgcttgggt
cagatgataa
tgtgctcacc
ctctccccgc

catgcttaac
ctcgtccatg
gggccgtcgc
tgtggctgtt
ttgccgtcgt
tcacgagggt

agaataggta
taatgtcctc
gcctggacga
gcgttggccg

gtaattcaac
ccgtgagtga
cgatgggggt
gtagttgtac
ccttgaagaa
gggccagggc

agtcagattg
gttcctgtct
ctaaaccaaa
attcattaat

agaaattata
tcccggcggc
gttctgctgg
tccagcttgt
gatggtgcgc
acgggcagct

aatctgaaat
gctaataaga
ataggcattc
gcagctggca

tgataatcat
ggtcacgaac
tagtggtcgg
gcccaggatg
tcctggacgt
tgccggtggt

aaagggagga
gtcacacttc
attgttgacc
cgacaggttt

agggcgaact
gagcgccgcc
tccactagct
cccgactgga

cgcaagaccg
tccagcagga
cgagctgcac
ttgccgtcct
agccttcggg
gcagatgaac

gcaacaggat
ccatgtgatc
gctgccgtcc
ccttgaagtc
catggcggac
ttcagggtca
NcoI
1561 cagctcgacc aggatgggca ccaccccggt gaacagctcc tcgcccttgc tcaccatggc
1691 cgaatagagt tggagttgga taccgatgga cgattgttag ataggacggg atgctgatag
1821 ttattgctag gtagccggac ggtgcggatt ccaggtatca gtaggccctc tgaatgtcca

taagaaggta
gctactgcta
ccagccaagc
aagcgggcag

cttgcttgac
agttgcctaa
atcagttttg
tgagttagct

agttatcgtg
ttgtcaaacg
ctagccaata
gcaccccagg

caccaagcag
acacaaattt
cgcaaaccgc
ctttacactt
agatgacacc
ttaattatta

tcaatcttaa
gcgcttctcg
tcgatgttgt
gatgcccttc
ttgaagaagt
gcttgccgta

ttgacagctt atcatcggat ctagtaacat
catctcataa ataacgtcat gcattacatg
PstI
NotI
ttgaacgatc tgcagccggg cggccgcttt
ggactgggtg ctcaggtagt ggttgtcggg
ttgatgccgt tcttctgctt gtcggccatg
ggtgtcgccc tcgaacttca cctcggcgcg
gggtagcggc tgaagcactg cacgccgtag
cgccggacac gctgaacttg tggccgttta

tgccaaatgt
tgctcagggc
gaagttcacc
ggttcaccag
catgtggtcg
ccctcgccct

ttatccgttc
acgacatgtc
gaacaagagc
accaggcgcg
aggaggccgg
ccggagcggg
gcactgcttg

cgaggccgac
acgtgttcga
aaggtgatgt
caggcaagac
aaccgttgtc
ttcgtgctga
tcaaaggcac
atcagaaccc
cgagcgcacg
gaccattacc
cgccgtggaa

gtgaaaaggt
tcttctgaaa
attacgccat
gatcaccggc
gagcgcatcc
tcgaccgcac
agaggcggct
NotI
gccctggcgg
gccgcccgcg
gtatttgagt
gaccatcgca
ggcatcgacc
ttccggtgca
gcgcatcggc
gagggcgacg
cagcagcaag
gagctgctat
tgccccatgt

ctatattcat tcattgtcag ctatcgctgg caacaagata
tcgaggtaag ttgttgaggg tggtggtttt atcaaggacg
tgcaatgatg cccaacaatc gagacgatcc tacttcggaa
ClaI
SalI
PstI
SphI
acggagagcg gaattgcgcg tacagaactc ctccatgcat tccaatcgat accgtcgacc tgcaggcatg
aacttaatcg ccttgcagca catccccctt tcgccagctg gcgtaatagc gaagaggccc gcaccgatcg
gattgtcgtt tcccgccttc agtttaaact atcagtgttt gacaggatat attggcggg t aaacctaaga
SphI
gtccatttgt atgtgcatgc caaccacagg gttcccctcg ggatcaaagt actttgatcc aacccctccg
gcacaagtcc taagttacgc gacaggctgc cgccctgccc ttttcctggc gttttcttgt cgcgtgtttt
gccgccgctg gcctgctggg ctatgcccgc gtcagcaccg acgaccagga cttgaccaac caacgggccg
accgcccgga gctggccagg atgcttgacc acctacgccc tggcgacgtt gtgacagtga ccaggctaga
cgcgggcctg cgtagcctgg cagagccgtg ggccgacacc accacgccgg ccggccgcat ggtgttgacc
cgcgaggccg ccaaggcccg aggcgtgaag tttggccccc gccctaccct caccccggca cagatcgcgc
gcgtgcatcg ctcgaccctg taccgcgcac ttgagcgcag cgaggaagtg acgcccaccg aggccaggcg

ccgccgagaa
cacgtctcaa
aaaacagctt
acccatctag
gcccgacgat
gccaagccct
ggtgaggttg
ctgcccgcga
gctgcaacgt
ctgaatacat
gtggaggaac

tgaacgccaa
ccgtgcggct
gcgtcatgcg
cccgcgccct
tgaccgcgac
tacgacatat
ccgaggcgct
ggtccaggcg
tggccagcct
cgcgcagcta
gggcggttgg

gaggaacaag
gcatgaaatc
gtcgctgcgt
gcaactcgcc
gtgaaggcca
gggccaccgc
ggccgggtac
ctggccgctg
ggcagacacg
ccagagtaaa
ccaggcgtaa

catgaaaccg
ctggccggtt
atatgatgcg
ggggccgatg
tcggccggcg
cgacctggtg
gagctgccca
aaattaaatc
ccagccatga
tgagcaaatg
gcggctgggt

cggcccggta
cgaatccgca
gcatcatgga
ttacgacctg
gccgatggcg

caaatcggcg
aagaatcccg
cgtggccgtt
gtactgatgg
gaaagcagaa

cggcgctggg
gcaaccgccg
ttccgtctgt
cggtttccca
agacgacctg

tgatgacctg
gcagccggtg
cgaagcgtga
tctaaccgaa
gtagaaacct

gtggagaagt
cgccgtcgat
ccgacgagct
tccatgaacc
gcattcggtt

tgaaggccgc
taggaagccg
ggcgaggtga
gataccggga
aaacaccacg

1951 tgagaccatg tgcacctccg aagcatcctt
2081 gtcgtgactg ggaaaaccct ggcgttaccc
2211 cgaatgctag agcagcttga gcttggatca
2341
2471
2601
2731
2861
2991
3121

ttaaaagggc
agtgcagccg
aaccggagac
tttccgagaa
ggacattgcc
tccctaatca
gcaccgtgaa

3251
3381
3511
3641
3771
3901
4031
4161
4291
4421
4551
4681
4811
4941
5071
5201

ggagatgatc gcggccgggt
accgagcgcc gccgtctaaa
acttaaccag aaaggcgggt
gtgcgggaag atcaaccgct
ccgcgatcaa ggcagccgac
ctttgtcgtg tcgcgggcga
gccggcacaa ccgttcttga
cacgctaagt gccggccgtc
tacgcggtac gccaaggcaa
caagaacaac caggcaccga
cgtgacggtc gcaaaccatc
NotI
cgtggcaagc ggccgctgat
gggcacccgc gatagtcgca
ggcatggcca gtgtgtggga
tactcaagtt ctgccggcga
ggtatccgag ggtgaagcct

agatcgaggc
cgctgaagaa
ttatcgctgt
ttgggcggcc
ttggctgtgt
tacaagcggc
cactgccgcc
aaagcacaaa
gctgaagatg
catggaaaat
gaggaatcgg

cagcggcaac
acgagcaacc
gcttccagac
gacaagcccg
tgcagcgtac

gcatcgaggc
agattttttc
gggcacgtag
gccgcgtgtt
gaagaaggcc

agaagcacgc
gttccgatgc
aggtttccgc
ccgtccacac
aagaacggcc

cccggtgaat
tctatgacgt
agggccggcc
gttgcggacg
gcctggtgac

gaagccagat
cggggcaggc
tctctttcct
aaaaaaggcg

ggttgttcaa
tggcccgatc
gtggatagca
atttttccgc

gacgatctac
ctagtcatgc
cgtacattgg
ctaaaactct

tgcgctccct
cccacatcaa
gtcagcgggt
taccgcacag
atccacagaa
aatcgacgct
tcccttcggg
taactatcgt
ggctacacta
agcagattac
atccagtaaa
cacttgtccg
aaaaatcata
gggacaatcc
agattgctcc
tttttaaata
catttattat

acgccccgcc
ggcaccctgc
gttggcgggt
atgcgtaagg
tcaggggata
caagtcagag
aagcgtggcg
cttgagtcca
gaaggacagt
gcgcagaaaa
atataatatt
ccctgccgct
cagctcgcgc
gatatgtcga
agccatcatg
taggttttca
ttccttcctc

gcttcgcgtc
ctcgcgcgtt
gtcggggcgc
agaaaatacc
acgcaggaaa
gtggcgaaac
ctttctcata
acccggtaag
atttggtatc
aaaggatctc
ttattttctc
tctcccaaga
ggatctttaa
tggagtgaaa
ccgttcaaag
ttttctccca
ttttctacag

gaacgcagtg gcagcgccgg
gctaccgcaa cctgatcgag
gaacccaaag ccgtacattg
ttaaaactta ttaaaactct
NotI
ggcctatcgc ggccgctggc
tcggtgatga cggtgaaaac
agccatgacc cagtcacgta
gcatcaggcg ctcttccgct
gaacatgtga gcaaaaggcc
ccgacaggac tataaagata
gctcacgctg taggtatctc
acacgactta tcgccactgg
tgcgctctgc tgaagccagt
aagaagatcc tttgatcttt
ccaatcaggc ttgatcccca
tcaataaagc cacttacttt
atggagtgtc ttcttcccag
gagcctgatg cactccgcat
tgcaggacct ttggaacagg
ccagcttata taccttagca
tatttaaaga taccccaaga

agttgttttc
aaacccggca
tgccgagctg
aattcggggg
ataggaaccc
atcggcgagt
tcgaaattgc
aagccaacca
SphI
tgcggccatt gtccgtcagg acattgttgg agccgaaatc cgcatgcacg
gtccatcaca gtttgccagt gatacacatg gggatcagca atcgcgcata
NcoI
gcagcgatcg catccatggc ctccgcgacc ggctggagaa cagcgggcag
caatgtcaag cacttccgga atcgggagcg cggccgatgc aaagtgccga
gaaagcacga gattcttcgc cctccgagag ctgcatcagg tcggagacgc

aaagttggcg
gcttagttgc
ccggtcgggg
atctggattt
taattccctt
acttctacac
cgtcaaccaa
cggcctccag

tataacatag
cgttcttccg
agctgttggc
tagtactgga
atctgggaac
agccatcggt
gctctgatag
aagaggatgt

tatcgacgga
aatagcatcg
tggctggtg g
ttttggtttt
tactcacaca
ccagacggcc
agttggtcaa
tggcgacctc

ctggcctgtg
tggctggcct
tgcagctccc
agtgtatact
ctgactcgct
caggaaccgt
ccccctgga a
aggtcgttcg
tggtaacagg
aaaagagttg
ctgacgctca
aaatagctcg
acaaagatgt
ccacatcggc
aatcttttca
tccagccata
cttccgtatc

cataactgtc
acggccaggc
ggagacggtc
ggcttaacta
gcgctcggtc
aaaaaggccg
gctccctcgt
ctccaagctg
attagcagag
gtagctcttg
gtggaacgaa
acatactgtt
tgctgtctcc
cagatcgtta
gggctttgtt
gcatcatgtc
ttttacgcag

tggccagcgc
aatctaccag
acagcttgtc
tgcggcatca
gttcggctgc
cgttgctggc
gcgctctcct
ggctgtgtgc
cgaggtatgt
atccggcaaa
aactcacgtt
cttccccgat
caggtcgccg
ttcagtaagt
catcttcata
cttttcccgt
cggtattttt

acagccgaag
ggcgcggaca
tgtaagcgga
gagcagattg
ggcgagcggt
gtttttccat
gttccgaccc
acgaaccccc
aggcggtgct
caaaccaccg
aagggatttt
atcctccctg
tgggaaaaga
aatccaattc
ctcttccgag
tccacatcat
cgatcagttt

agctgcaaaa
agccgcgccg
tgccgggagc
tactgagagt
atcagctcac
aggctccgcc
tgccgcttac
cgttcagccc
acagagttct
ctggtagcgg
ggtcatgcat
atcgaccgga
caagttcctc
ggctaagcgg
caaaggacgc
aggtggtccc
tttcaattcc

agcgcctacc
tcgccactcg
agacaagccc
gcaccatatg
tcaaaggcgg
cccctgacga
cggatacctg
gaccgctgcg
tgaagtggtg
tggttttttt
tctaggtact
cgcagaaggc
ttcgggcttt
ctgtctaagc
catcggcctc
tttataccgg
ggtgatattc

cttcggtcgc
accgccggcg
gtcagggcgc
cggtgtgaaa
taatacggtt
gcatcacaaa
tccgcctttc
ccttatccgg
gcctaactac
gtttgcaagc
aaaacaattc
aatgtcatac
tccgtcttta
tattcgtata
actcatgagc
ctgtccgtca
tcattttagc

8191
8321
8451
8581
8711
8841
8971
9101

aacaagacga
gatcacaggc
cgccttacaa
acaaattgac
atagaagtat
aactggttcc
tgtacgcccg
gcccggaggc

actccaattc
agcaacgctc
cggctctccc
gcttagacaa
tttacaaata
cggtcggcat
acagtcccgg
gcggcgatcc

actgttcctt
tgtcatcgtt
gctgacgccg
cttaataaca
caaatacata
ctactctatt
ctccggatcg
tgcaagctcc

gcattctaaa
acaatcaaca
tcccggactg
cattgcggac
ctaagggttt
cctttgccct
gacgattgcg
ggatgcctcc

accttaaata
tgctaccctc
atgggctgcc
gtttttaatg
cttatatgct
cggacgagtg
tcgcatcgac
gctcgaagta

ccagaaaaca
cgcgagatca
tgtatcgagt
tactgaatta
caacacatga
ctggggcgtc
cctgcgccca
gcgcgtctgc

gctttttcaa
tccgtgtttc
ggtgattttg
acgccgaatt
gcgaaaccct
ggtttccact
agctgcatca
tgctccatac

tcgtctggct aagatcggcc
caggctctcg ctgaactccc
cgccctccta catcgaagct
tttgg

gcagtcggct
agtagaatac
ggccggctgc
cgcagcaccc
gcattgccga
gctgatcgac
ttccgtgagg

attaccgaag
ccagcttggc
cgcatgaagg
gtgcccgcga
ggcggcggac
gatggaaggc
gctacccagg
aaaatgagca
atcacaccaa
aaggaggcgg
ccccaagccc

5981
6111
6241
6371
6501
6631
6761
6891
7021
7151
7281
7411
7541
7671
7801
7931
8061

ccgaacccgc
tgcaataggt
gacatatcca
ggctttttca

ctgctatagt
agtcgcataa
aactgcacgc
ccgcctggcc
gtgttcgccg
acgcccgcga
gcgcggtgcc

actggccgtc gttttacaac
cagttgcgca gcctgaatgg
tttattagaa taacggatat

accgtttttc
gcctggccgg
gcaaggggaa
ccccagggca
gagcgcccca
tgaggtcacg
cagcgcgtga
aggtaaagag
ccggcggagg
ttagcggcta
gcactggaac

ttactttttg
aagttctgtt
ccgccggttc
cccgtacatt

9231 tcgcctcgct ccagtcaatg accgctgtta
9361 agcctgcgcg acggacgcac tgacggtgtc

cttacgattc taggaccctg
ccctttatat acacagaatc
cctcgtcggg cctacatgta

gccaggacga
caagctggcg
aaacaaatac
cgattccgat
gtgatcgacg
agcagcgcat
ccgtatcacg
tgagttaatg
ctttcagttg
tagatgaatt
ccctgcaatg

5461
5591
5721
5851

5331 tgattagccg
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acttgtacag
cagcagcacg
atatagacgt
ggtcttgtag
gtgaaggtgg
cgtcgccgtc

taagcgtgta
gacaccttag
ccgactcgat
HindIII
caagcttggc
cccttcccaa
gaaaagagcg

caccaggacg
tgtctgatgc
atgagtaaat
ttctgttagt
cgacttcgta
gagctggtta
ttcttgagtc
aaaactcatt
agcgggtcaa
aataaatgag
tgtctgccgg

gcaggccgcc
cccaagggcg
tccgctacga
agggaaggga
cacgttgcca
NheI
ctacaagatc gtaaagagcg aaaccgggcg gccggagtac atcgagatcg agctagctga
ClaI
atcgatcccg gcatcggccg ttttctctac cgcctggcac gccgcgccgc aggcaaggca
tcaccgtgcg caagctgatc gggtcaaatg acctgccgga gtacgatttg aaggaggagg
ctaatgtacg gagcagatgc tagggcaaat tgccctagca ggggaaaaag gtcgaaaagg
gggaacccaa agccgtacat tgggaaccgg tcacacatgt aagtgactga tataaaagag

9491
9621
9751
9881

gaaactttat
ttggggtctt
ggcggatctt
agctcgatgc
cgtgctgctt
ggtggcatcg

aaacgcacca
atgaaccatc
gcaagctgct
cactcattag

tctgacgttc
ttgcgactag
accaagctgt
gcgacctact
gttcgagcgt
caggaaggcc
acgcattgac

ttggatgtac cgcgagatca cagaaggcaa gaacccggac gtgctgacgg ttcaccccga

gccgattttg
gtaacatgag
caggatatat
aggaattaga
ttattatgga
gcgcttctgc
gaccaatgcg
gtattgggaa

agagttcaag
ggcgaagcat
ggaaccggaa
taaaacccgc
cgctcaaaaa
ctctgacaca
gcgatagcg g
tcctcgctca
agcaaaaggc
ccaggcgttt
agttcggtgt
cagcagccac
taccttcgga
tctacggggt
gtaagtcaaa
gccatctttc
ttttcgcaat
acagctcgat
cagctttcct
ggagacattc
agctaattat
SacII
aaaccgcggt
caaagtctgc
tgtggtgtaa
aattttattg
gaaacttcga
gggcgatttg
gagcatatac
tccccgaaca

aggtgccgga cttcggggca gtcctcggcc caaagcatca gctcatcgag
tgaaatcacg ccatgtagtg tattgaccga ttccttgcgg tccgaatggg
ttcggtttca ggcaggtctt gcaacgtgac accctgtgca cggcgggaga
taaacataac gatctttgta gaaaccatcg gcgcagctat ttacccgcag
tgtcgaactt ttcgatcaga aacttctcga cagacgtcgc ggtgagttca

APPENDIX 2
Long-Term Storage of Diplodia pinea Cultures
Introduction
D. pinea cultures are typically stored on lactic acid (1%) potato dextrose agar
(PDA; Difco) slants in glass vials at 4˚ C. To ensure culture survival, the cultures should
be transferred to new slants every year, which can be quite laborious. In addition, this
method is very sensitive to temperature fluxes during storage. For example, many of my
cultures were killed when our 4˚ C incubator malfunctioned and the temperature
decreased to -20˚ C. After the incubator failure, a new method was explored as an
alternative long-term storage technique for D. pinea.
Materials and Methods
Water agar cultures containing sterile P. nigra needles were inoculated with
different D. pinea isolates according to Flowers et al. (2001). After 2 weeks incubation
under continuous light at 23˚ C, pycnidia were evident on the needles. The pycnidia
laden needles were aseptically cut into small pieces between 3-10 mm in length. Two
1.5 mL centrifuge tubes were filled 1/2 to 3/4 full with needle pieces of each isolate, and
the tops of the tubes were covered with sterile cheesecloth fastened with rubber bands.
The tubes were placed in the -20˚ C incubator for 30 minutes before they were
lyophilized for 24 hours. The cheesecloth pieces were removed and the tubes were
closed. One tube each was stored in the -20˚ C and the -80˚ C incubators. One or two
needle pieces were sprinkled onto a PDA plate to check the viability of the D. pinea
culture every month for one year.
Results and Discussion
The lyophilized needle pieces from the -20˚ C and the -80˚ C incubators still
harbored viable D. pinea after the first year of storage. The cultures that grew from all
the needle pieces exhibited healthy, fast growing white mycelium typical of D. pinea.
Since the needle pieces are shaken out of the tube onto a PDA plate, the possibility of
introducing contaminants with scalpels or other instruments, as in the case with the PDA
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slant storage method, is eliminated. This method is superior to the PDA slant storage
technique because it takes less space, is cheaper, and has a lower risk of culture
contamination. Storage at colder temperatures, particularly at –80º C, is also likely to
prevent the culture degradation that can occur at 4º C when the culture is still nominally
metabolically active. It is quite likely that these cultures will last longer than one year,
but since I cannot stay around to check, other members of the lab will be testing this idea.
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APPENDIX 3
in Vitro Observations of Diplodia pinea Hyphae and Spore Germination Using DAPI
and Calcoflor Staining
Introduction
To my knowledge, no investigations of the nuclear number and distribution in D.
pinea or in any closely related species have been performed. Most fungi have small
nuclei that are capable of squeezing through septal pores and the small openings between
conidiophores and the developing conidia (Alexopoulos et al. 1996). Fungal conidia can
be either multinucleate or uninucleate; some contain different numbers of nuclei at
different stages of germination (Kuo 1999). Nuclei found in the germ tubes of recently
germinated spores are typically tear-drop shaped (Alexopoulos et al. 1996). The hyphae
of filamentous fungal species typically have uninucleate cells separated by septa, but
some species, such as Rhizoctonia sp. AG, have multiple nuclei in each cell (Alexopoulos
et al. 1996; Fenille et al. 2005).
Using fluorescent dyes, I investigated the nuclear number and distribution of D.
pinea conidia, germlings, and mycelium. Knowledge of nuclear number and distribution
can be useful for some experimental protocols, including single-sporing, protoplasting,
and genetic DNA purification. I wanted to know if conidia were multinucleate because
single sporing was a routine method that I used to genetically purify D. pinea isolates.
Evenly distributed hyphal nuclei and septa are preferable for protoplasting, because more
of the resulting protoplasts will be nucleated. Because I had early difficulty in purifying
large quantities of genomic DNA, I wanted to be sure that there was nothing abnormal
about the numbers of nuclei present in D. pinea mycelium. DAPI and calcofluor are
common fluorescent dyes used to visualize the nucleus and cell walls respectively (Ruzin
1999). I utilized these dyes to observe the nuclear number and distribution in D. pinea
spores, germlings, and mycelium.
Materials and Methods
D. pinea tissue preparation: D. pinea isolate 61SB was used for this study. Aerial
hyphae were collected with a sterile scalpel from a week-old lactic acid/potato dextrose
agar (PDA; Difco) culture growing at ambient laboratory conditions. The mycelium was
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blended in sterile milli Q water and 100 µl drops of the resulting solution were placed on
plastic cover slips. These cover slips were incubated in a moist chamber at room
temperature for 3.5 hours. Spores were collected by scraping pycnidia off of needles
recovered from a 2-week-old water-agar needle plate. The pycnidia were transferred to
sterile milli Q water, vortexed, and incubated for 2 hours to release spores. Drops of the
spore suspension (100 µl) were placed on plastic cover slips and incubated in a moist
chamber at room temperature for 3.5 hours.
Fixation and staining: Drops were allowed to air dry on the plastic cover slips in a flow
hood. A 30 µl drop of 0.02% calcofluor (Fluorescent Brightener 28; Sigma, St. Louis
MO) was added to each cover slip and incubated in the hood for 5 minutes. D. pinea
tissue was fixed by adding 400 µl of p-formaldehyde (60 mg per mL of 100 mM PIPES,
pH 6.5; Sigma, St. Louis, MO) and incubating for 30 minutes in a chemical hood. The pformaldehyde solution was removed with a pipette and the cover slips were washed for 5
minutes by gentle agitation in 20 ml of TBS buffer (200 mM NaCl, 10 mM Tris). The
fixed tissue was stained for 5 minutes in 20 ml of DAPI (4',6-diamidino-2-phenylindole;
Sigma, St. Louis, MO) staining solution (0.7 µg per ml of TBS buffer). The cover slips
were washed 3 times in 20 ml of TBS buffer for 5 minutes and rinsed in 20 ml of sterile
milli Q water. The cover slips were transferred to glass microscope slides and observed
using epifluorescent microscopy.
Results and Discussion
All tissues except heavily melanized spores were readily stained with DAPI and
calcofluor. Many nuclei were present within D. pinea hyphae and germinating spores. D.
pinea hyphae were septate, and nuclei were fairly uniformly distributed along the length
of a hypha (Figure A3.1). Typically, one nucleus was observed in each cell but
occasionally two or more nuclei were present. Stained spores contained 2 or more nuclei,
and there was no correlation between number of nuclei and germination (Figure A3.2).
All germ tubes observed contained a large number of nuclei (Figure A3.3).
Nuclear number and distribution has some implications for certain lab procedures.
D. pinea spores are multinucleate. It is still unclear if this is a result of nuclear division of
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a single primary nucleus in the spore, or if the spore when it is formed contains multiple,
genetically diverse nuclei. If the nuclei in the spores are the result of division of a single
primary nucleus, then single-sporing will genetically purify D. pinea isolates. However,
genetic purification by single-sporing will be more difficult if the spores contain multiple
genetically divergent nuclei. In D. pinea, in contrast with fungi like Colletotrichum
graminicola, there did not appear to be any correlation between nuclear number and the
germination phase.
Nuclear distribution in D. pinea hyphae was optimal for protoplasting because all
the cells were nucleated, and most contained just a single nucleus. There appeared to be
nothing abnormal about the number of nuclei in D. pinea hyphae, so this could not have
been the reason that it was difficult to produce high quantities of DNA. This was
probably due to the high polysaccharide content of the mycelium , a problem that was
addressed in later protocols with some success.
References
Alexopoulos CJ, Mims CW, Blackwell M (1996) Introductory Mycology, 4 edn. John
Wiley & Sons, Inc.
Fenille RC, Ciampi MB, Souza NL, Nakatani AK, Kuramae EE (2005) Binucleate
Rhizoctonia sp. AG G causing root rot in yacon (Smallanthus sonchifolius) in
Brazil. Plant Pathology 54:325
Kuo K-C (1999) Germination and Appressorium Formation in Colletotrichum
gloeosporioides. Proceedings of the National Science Council 23:126-132
Ruzin SE (1999) Plant Microtechnique and Microscopy. Oxford University Press, New
York

136

Figure A3.1: DAPI stained nuclei of D. pinea hyphae. Bars equal 10 µm.
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Figure A3.2: DAPI stained D. pinea spores with different numbers of nuclei. Spores on
the top row have not germinated. Bars equal 10 µm.

138

Figure A3.3: DAPI stained D. pinea germlings with high concentrations of nuclei in the
germ tubes. Notice that the darkly-pigmented spores were not stained. Bars equal 10
µm.
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APPENDIX 4
Diplodia Tip Blight Symptom Development on P. nigra
This appendix contains a picture diary documenting Diplodia tip blight symptom
development between May 2 and June 3, 2005 on a single diseased Austrian pine outside
Seay Auditorium in the Agricultural Science Building North on the Lexington campus of
the University of Kentucky. I included this because I think it provides a compelling and
dramatic view of the devastation this disease can cause.
The diseased Austrian pine documented here had few symptomatic shoots in 1999
(Figure A4.1a). By 2005, however, most of the crown had thinned and approximately
75% of the branches had diseased tips (Figure A4.1b). First symptoms of tip blight are
resin drops on the needles still encased in the fascicle sheath. The needles soon become
necrotic, and the necrosis can spread to and kill the elongating shoot. Sometimes,
necrosis is localized to some of the needles and the shoot stays alive, continuing to
elongate and set terminal buds for the following year. Symptom development is discussed
further in the legends accompanying each plate.

140

A

B

Figure A4.1: Diplodia tip blight diseased Austrian pine outside of the Agricultural
Science Building North in A) 1999, and B) 2005. Notice the thinning crown in B.
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Figure A4.2: May 2, 2005. Candle elongation from A) an asymptomatic branch, B) a tip
blight diseased branch that was not killed, and C, D) dormant meristems below D. pinea
killed tips from the previous year (2004).
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Figure A4.3: May 6, 2005. First symptoms of resin droplets (red arrow) are visible on
needles still embedded or just emerging from the fascicle sheath. A and B) shoots
attached to tree; C-E) shoots sampled from the Austrian pine and immediately observed
under the dissecting microscope; C and D) some needles appear to have died very early
in elongation (red star); E) D. pinea spores (blue arrow) are visible on fascicle sheath.
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Figure A4.4: May 9, 2005. A) sometimes one needle in a fascicle bundle is necrotic
early in symptom development; B) resin droplets (red arrows) on elongating shoot
developing from a dormant meristem under shoots killed the previous year. Pycnidia
with mature spores are present on the necrotic tissues from 2004 (blue arrow).

144

A

B

C

D

E

Figure A4.5: May 13, 2005. A and B) necrotic needles (black arrows) that have died
before elongation; C-E) chlorotic and necrotic needles on adventitious shoots; D)
countless pycnidia on dead 2004 shoots; E) copious resinosis (blue arrows).
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Figure A4.6: May 16, 2005. A) asymptomatic shoot elongation; B) necrosis of the shoot
top; C and D) necrotic adventitious shoots.

146

Figure A4.7: May 19, 2005. Current year elongating shoots in various stages of
chlorosis and necrosis.
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Figure A4.8: May 21, 2005. A) necrotic needles among green needles and asymptomatic
first year cones; B) necrosis located only at the top of the shoot.
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Figure A4.9: May 25, 2005. A) asymptomatic shoot elongation; B-D) necrotic shoots.
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Figure A4.10: June 3, 2005. A) every 2005 shoot on this branch displays tip blight
symptoms; B) a necrotic adventitious shoot adjacent to a asymptomatic second year cone
and a dead first year cone from 2004; C) necrotic adventitious shoots; and D) necrotic
shoots adjacent to a very mildly symptomatic shoot.
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APPENDIX 5
Histology of Diplodia pinea Diseased and Healthy Pinus nigra Needles
Introduction
D. pinea can infect, colonize, and fruit on P. nigra needles (see chapter 1 of this
dissertation for a discussion of the relevant literature on this topic). I investigated the
process of colonization and fruiting on needles using histological methods. Dead,
diseased needles from trees naturally inoculated in the field, and asymptomatic needles
from greenhouse grown Austrian pines were sampled and processed using the same
fixation and embedding protocol that was described in Chapter 4. Autoclaved needles on
water agar plates, which had been inoculated with D. pinea and which bore pycnidia,
were also included.
Materials and Methods
Needle samples were aseptically cut into small pieces and incubated in 2.5%
gluteraldehyde in 100mM KH2PO4 buffer at 4˚C for later fixation, embedding, and slide
preparation according to the protocols described in Chapter 4.
Results and Discussion
Asymptomatic needles from greenhouse-grown P. nigra: No fungal structures were
observed on the asymptomatic needles examined from the greenhouse. Typical needle
anatomy was observed (FIGURE A5.1). Two needles were contained in each fascicle
sheath. In cross-section, the needles appeared hemispherical, typical of two-needle pines.
Rows of stomatal guard cells were present among the epidermal cells. Resin ducts and
mesophyll cells were observed around the endodermis surrounding two vascular bundles
for each leaf. The characteristic tooth-like appendages of Austrian pine needles were also
observed.
Diseased needles from the field and inoculated sterile needles from culture: The diseased
needles from the field and the inoculated needles from culture exhibited the same types of
fungal colonization, and both contained pycnidia. The needles had completely collapsed
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and desiccated so that they were canoe-shaped, rather than hemispherical, in crosssection (FIGURE A5.2). Curiously, most of the infected stomata had one guard cell that
was more extensively colonized with fungal hyphae than its partner. The mesophyll,
resin ducts, and endodermis were extensively colonized with fungal hyphae and appeared
very degraded. The phloem was also degraded and collapsed. Xylem cells still retained
their shape, although some were also colonized with hyphae.
Pycnidia: Pycnidia were observed on the diseased needles from the field and on
inoculated needles from culture (FIGURE A5.3). Enlarged hyphae were observed
adjacent to and surrounding each pycnidium. Spores were either encased in the pycnidia,
or were being released from the pycnidia which had erupted through the needle epidermal
cells. Spores stained different colors ranging from light blue to dark purple, probably due
to different degrees of melanization.
Needles have two important roles in the Diplodia tip blight disease cycle; they can
be infection foci, and also act as a substrate for pathogen sporulation. D. pinea germ
tubes can infect through needle stomata (Brookhouser and Peterson 1971). Although I
have suggested that this may not be the primary means of infection, I have no doubt
natural infection through needle stomata does occur. Only one guard cell in a stoma was
extensively colonized by D. pinea. This guard cell may be the first cell colonized in a
needle as a result of stomata infection. Colonization quickly moved to the mesophyll and
adjacent endodermis. These cells were extremely degraded by D. pinea colonization.
The phloem was collapsed and hardly recognizable but for their location next to the
xylem cells. The xylem cells still retained their shape, however D. pinea was able to
colonize the tracheids. D. pinea can also fruit on necrotic needles (Sutton 1980). The
pycnidia, containing countless conidia, are produced under the epidermal layer and no
doubt add to the inoculum load during the growing season.
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Figure A5.1: Healthy P. nigra needles. A) transverse view of a whole P. nigra needle
fascicle: two half circle needles (N) surrounded by sheath tissues (arrows); B) transverse
section of needles displaying anatomical structures such as resin ducts (R), mesophyll
area (M), endodermis (E) around the vascular bundles (square); C) longitudinal view of
needle displaying the tooth formation (arrows) on the epidermis.
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Figure A5.2: Diseased P. nigra needles. A) transverse view of needle with degraded and
collapsed anatomical structures such as stomata (S), vascular bundle (V), and resin ducts
(R); B and C) transverse view of D. pinea hyphal colonization of the guard cells and
mesophyll; D) longitudinal view of stomata with D. pinea colonization of the guard cells;
E) transverse view of collapsed vascular bundles.
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Figure A5.3: D. pinea pycnidia development in diseased needles. A) two pycnidia, one
releasing spores; B) pycnidium full of spores; C) enlarged hyphae with visible septa
commonly observed around pycnidia; D) two views of a spore filled pycnidium, note the
holoblastic ontology in the right picture (red star); E and F) enlarged hyphae encasing the
pycnidial body; G) top of pycnidium erupting from the needle epidermis.
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